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Resumen

El desierto de Chihuahua se localiza en la regién subtropical de Norteamérica y
los sedimentos depositados en las diferentes cuencas lacustres que alberga, han
documentado las condiciones ambientales del Cuaternario tardio. La cuenca de
Santiaguillo (~25 °N, 105°0) se ubica en el margen occidental del desierto
(centro-norte de México) y tiene un régimen hidrolégico dominado por lluvias
de verano-otofio con intervalos aridos en invierno-primavera. Este trabajo
presenta registros proxy que permiten inferir la variabilidad hidrolégica y
climdtica durante el dltimo ciclo interglacial-glacial-interglacial. La
investigaciéon se compone del estudio de los sedimentos colectados en dos sitios
diferentes, el primero en una trinchera de 3 m de profundidad en la parte
marginal de la cuenca y el segundo comprende una secuencia de nicleos de
c.10 m de profundidad en la parte central. Los resultados e interpretaciones
fueron publicados en tres revistas indizadas y arbitradas, Quaternary Research,

Geological Journal y Journal of South American Earth Sciences.

Los modelos cronolégicos se construyeron a partir de dataciones por *C AMS y
la comparacién entre la abundancia de carbonato y la insolacién de primavera.
Las secuencias sedimentarias fueron depositadas durante los ultimos cinco
Estadios Isotépicos Marinos (MIS). La mineralogia, susceptibilidad magnética,
concentraciones de elementos mayores y traza, abundancia de carbono
inorganico (IC), carbono organico (OC), nitrégeno total (TN) y también las
relaciones isotépicas de oxigeno (880) y carbono (813C) en los carbonatos
permitieron reconstruir la variabilidad climatica en escala orbital y milenaria. El
registro indica ausencia de sequias en el MIS 2, y su comparacién regional
sugiere que los ciclones tropicales (TC) del Norpacifico aportaron mayor
precipitacion de otofio en el dltimo glacial tardio, cuando el monzén de
Norteamérica (NAM) tenia minima influencia en la precipitacion. E1 MIS 1
present6 dos intervalos de aridez (~13.5 ka y 7 ka), donde la sequia de 13.5 ka
ocurri6 en una etapa de mayor actividad de El Nifio Oscilacién del Sur (ENSO)

y temperaturas calidas globales. Este periodo fue sincrénico con un



intervalo/evento arido documentado en otros registros del trépico y subtrépico
de México. El Holoceno temprano se caracteriz6 por condiciones humedas
relacionadas con el fortalecimiento del NAM y los TC que a su vez, llevaron
mayor humedad en verano-otofio desde el Golfo de California y Norpacifico a
una regiéon comprendida entre el centro-norte de México y el interior del

suroeste de EUA.

En relaciéon con la variabilidad de escala milenaria, los Estadiales Heinrich H6,
H4, H2 y H1 presentaron escorrentia inferior al promedio y los Estadiales H5 y
H3 tuvieron escorrentia superior al promedio. La comparacién regional sugiere
ausencia de sincronicidad de los regimenes de escorrentia en Santiaguillo y el
aumento de la precipitaciéon invernal en el suroeste de EUA durante los
Estadiales Heinrich. Esto indica la falta de concurrencia entre los forzamientos
que controlaron la precipitacién de verano-otofio y las tormentas invernales.
Las similitudes entre el registro de Santiaguillo y la Cueva Hulu (China)
sugieren un posible vinculo hemisférico entre el hidroclima del desierto de

Chihuahua en México y el Monzén del Este Asiatico.

II



Abstract

The Chihuahua Desert is located in the subtropical region of North America.
Sediments deposited in lacustrine basin of this desert have documented the
environmental conditions of the late Quaternary. Santiaguillo Basin (~25°N,
105°W) is located in the western margin of the desert (central-northern Mexico)
and is characterized by a hydrological regime dominated by rainfall during the
summer-autumn and dry winter-spring. This thesis presents proxy records that
infer hydrological and climate variability occurred during the last interglacial-
glacial-interglacial cycle. This research comprised the study of sediments
collected from two different sampling sites; first sedimentary sequence is a pit
of 3 m of depth in the marginal part of the basin and the second sequence is ¢.10
m long sediment core extracted in profundal-central part of the basin. The
results and interpretations were published in three indexed and arbitrated
journals like, Quaternary Research, Geological Journal and Journal of South

American Earth Sciences.

Chronological models were constructed using “C AMS dates and comparing
trends of variations in CO3; with spring insolation. The sedimentary sequences
were deposited during the last five Marine Isotope Stages (MIS). Mineralogy,
magnetic susceptibility, concentrations of major and trace elements, abundance
of inorganic carbon (IC), organic carbon (OC), total nitrogen (TN) and also
isotopic relations of oxygen (8'%0) and carbon (§'3C) in carbonates were useful
to reconstruct orbital and millennial scale climate variability. The record
indicates absence of droughts during MIS 2 and regional comparison suggests
that North Pacific tropical cyclones provided more autumn precipitation during
the late last glacial. During this interval, the basin had minimal influence of the
North American Monsoon (NAM). MIS 1 presented two intervals of aridity
(~13.5 and 7 ka) and the drought at 13.5 ka occurred during an interval of
stronger ENSO activity and warmer global temperatures. This arid event was
contemporary to an arid interval/event documented in other proxy records

from the tropical and subtropical Mexico. The wetter early Holocene was

111



related to enhanced NAM and tropical cyclones bringing more summer and
autumn precipitation from the Gulf of California and North Pacific to a broader
region extending from the central-northern Mexico up to continental interiors of

the southwestern US.

In relation to millennial scale variability, Heinrich Stadials of H6, H4, H2 and
H1 had less than average runoff and runoff was more than average during H5
and H3. Regional comparison suggest lack of synchronicity in runoff dynamics
into Santiaguillo basin and enhanced winter precipitation in the southwest US
during the Heinrich Stadials. It was possibly related to lack of concurrency in
the forcings that control the summer-autumn precipitation as well as winter
storms. Similarities between proxy records from the Santiaguillo basin and
Hulu Cave (China) suggest a possible hemispheric link between hydroclimate

of the Chihuahua desert of Mexico and East Asian Monsoon.
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CAPITULO I

Introduccion




Caeitulo I Introduccion 2

La paleoclimatologia es el estudio del clima en el periodo previo a los registros
instrumentales que abarcan s6lo una pequena parte de la historia de la Tierra y
por lo tanto no ofrecen una perspectiva adecuada de las variaciones y evolucion
climética en escala geolégica. En cambio, el estudio de los fenémenos naturales
dependientes del clima, que exhiben evidencia de esta dependencia, pueden ser
atiles para ampliar nuestra perspectiva de la variabilidad climética. Tales
fenémenos son la fuente de registros que guardan indicadores climaticos, y su
estudio es el fundamento de la paleoclimatologia. Tanto més detallados y
confiables sean los estudios de las fluctuaciones climéticas, serd mayor la
posibilidad de identificar las causas y los mecanismos de dichas variaciones
(Bradley, 1999). El creciente nimero de investigaciones paleoambientales sienta
las bases para poner a prueba las hipotesis acerca del cambio climatico, y sélo
cuando se entiendan las razones de estos cambios, estaremos en posibilidad de

anticipar o pronosticar las variaciones climaticas futuras (Bradley y Eddy, 1991).

Los registros paleocliméticos guardan indicadores ambientales (proxies) que
pueden abordarse mediante diferentes enfoques disciplinarios (ej. quimica,
biologia, geologia). Entre los registros mas estudiados podemos citar los
ndcleos de hielo glaciar, las espeleotemas, los sedimentos marinos y los
sedimentos lacustres que preservan proxies biolégicos, magnéticos,
estratigraficos, geoquimicos, etc., (ej. Dansgaard et al., 1993; NGRIP Project
members, 2004; Asmeron et al., 2007, Wang et al., 2001; Mitchell et al., 2002;
Barron et al., 2005; Grimm et al., 2006; Roy et al., 2010, 2012). Entre los
mencionados, los sedimentos lacustres reflejan de manera fiel las condiciones
ambientales que los originaron y depositaron, que aunado con la gran
resoluciéon temporal y continuidad que suelen presentar, son ideales para
reconstruir la paleoclimatologia del Pleistoceno y el Holoceno (ej. Bradley, 1999;

Cohen, 2003).



Caeitulo I Introduccion 3

1.1 Variabilidad Climdtica durante el Cuaternario tardio

En los tltimos 130 ka de la historia de la Tierra han tenido lugar el Ultimo
Periodo Interglacial (LIG) (130-115 ka), el Ultimo Periodo Glacial (~73.5-14.7 ka)
y el Actual Periodo Interglacial que coincide temporalmente con el Holoceno
(<11.7 ka) (Sanchez-Goni y Harrison, 2010; NEEM community members, 2013;
Cohen et al., 2013). De acuerdo con los cambios globales de temperatura a largo
plazo, dichos intervalos constituyen el dltimo ciclo interglacial-glacial-
interglacial, y se relacionan con la configuraciéon astronémica de la Tierra (ciclos
de Milankovitch). El LIG se caracterizé por mayores temperaturas globales y es
el precedente inmediato de una época interglacial previa al Holoceno (ej. NEEM
community members, 2013). El Ultimo Periodo Glacial constituye un intervalo
de bajas temperaturas globales (aunque con grandes oscilaciones) en que
crecieron los glaciares de montafia y los casquetes de hielo polar en
Norteamérica y Eurasia (ej. COHMAP, 1988; Cronin, 1999). Dentro de este
intervalo frio, se identifica el Ultimo Maximo Glacial (LGM = 23-19 ka) que
representa el periodo més reciente en la historia de la tierra en que los casquetes
de hielo alcanzaron su méaximo volumen y el nivel del mar descendi6
considerablemente (Mix et al., 2001; Peltier y Fairbanks, 2006). El Holoceno
constituye el Actual Periodo Interglacial, y se caracteriza por un incremento de
temperaturas y el reordenamiento del clima global después del dltimo glacial
(ej. COHMAP, 1988, Mayewski et al., 2004). Cabe mencionar que a la transiciéon
entre el Gltimo glacial y el actual interglacial se denomina Ultima Deglaciacién
o Terminacién, y representa el retroceso y derretimiento de los glaciares del
Hemisferio Norte ocurrido entre ~20 y 7 ka (ej. Broecker y Donk, 1970; Denton
et al., 2010).

Los periodos glaciares e interglaciares también presentaron variabilidad
climética. Los intervalos que muestran una tendencia especifica de 680 en los
sedimentos ocednicos permiten dividir el Cuaternario en diferentes Estadios
Isotépicos Marinos (MIS, por sus siglas en inglés) que hacen referencia a

intervalos con diferentes climas y temperaturas en la tierra. Los MIS se asocian
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con la interaccién entre los distintos pardmetros orbitales y representan
fluctuaciones del volumen de los casquetes glaciares y cambios de temperatura
del agua oceanica profunda (Skinner y Shackleton, 2005). Por convencién, los
MIS de ntmero par (ej. MIS 2) indican intervalos frios y los de niimero impar

intervalos calidos (ej. MIS 1) (Emiliani, 1955; Shackleton, 1967).

Desde el altimo periodo glacial se han identificado 5 estadios isotépicos
marinos (MIS 1-MIS 5). El MIS 5 (130-73.5 ka) se subdivide en cinco subestadios
(ba-5e) de acuerdo con las variaciones de menor duracién de 580, y el 5e
corresponde con el LIG (Shackleton, 1969). E1 MIS 4 (73.5-59.4 ka) represent6 la
generacion de casquetes de hielo continentales; el MIS 3 (59.4-27.8 ka) se
caracterizé por una gran inestabilidad climatica y fluctuaciones de temperatura
de gran amplitud; el MIS 2 (27.8-14.7 ka) evidencié el punto mdaximo
crecimiento glaciar de la tltima glaciaciéon (LGM) y el MIS 1 (<14.7 ka) ha sido
un periodo de relativamente mayor estabilidad que abarca el término del
Pleistoceno y todo el Holoceno (Lisieky y Raymo, 2005; Sanchez-Gofi y
Harrison, 2010).

Durante los Estadios Isotépicos Marinos, especificamente en los que abarcaron
el altimo periodo glacial (MIS 5d - MIS 1), ocurrieron eventos milenarios tinicos
que representaron rapidos cambios en el estado climatico terrestre durante un
régimen glacial. A estos intervalos se les conoce como estadiales (frios) e
interestadiales (calidos); su inicio ocurrié en un intervalo de entre 10 y 200 afios,
y se prolongaron por cientos o miles de afios (Steffensen et al., 2008; Cronin,
2010). E1 MIS 3 fue el estadio con mayor variabilidad de escala milenaria, con 14
interestadiales (GI-4 - GI-17) y 14 estadiales (GS-4 - GS-17) identificados en los
ndcleos de hielo de Groenlandia (Bjorck et al., 1998). Dicha variabilidad
climatica no puede ser explicada por procesos orbitales (aunque los cambios en
la insolacién pudieron estar involucrados); en cambio, pueden relacionarse con
la dindmica interna del casquete Laurentino (Alley y MacAyeal, 1994), la

interaccion océano-atmosfera-criosfera en el Noratlantico o la modificacion en
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la circulacién atmosférica por los glaciares continentales, entre otros

mecanismos (Cronin, 1999).

En el Ultimo Periodo Glacial, se identificaron dos tipos de eventos climaticos
abruptos: los eventos Dansgaard-Oeschger (D-O) y los Estadiales Heinrich (H).
Los eventos D-O fueron intervalos calidos identificados por las variaciones
isotopicas de los ntcleos de hielo de Groenlandia. Estos interestadiales iniciaron
con un incremento abrupto de la temperatura seguido de un enfriamiento
gradual. Tales oscilaciones interestadial-estadial se conocen como ciclos D-O, y
el interestadial por si solo, se denomina evento D-O (Dansgaard et al., 1984;
Benson et al., 2003; Sanchez-Goiii y Harrison, 2010). Se han identificado 24 ciclos
D-O con una periodicidad promedio de 1470 afios (Bjorck et al., 199§;
Rahmstorf, 2003) y en los sedimentos del Noratlantico, justo antes de estos
eventos, se puede distinguir la depositacion de capas sedimentarias de origen

glaciar (Ice Rafted Debris, IRD).

Los Estadiales Heinrich (H) son fenémenos resultantes de la interaccion hielo-
océano-sedimento, que fueron identificados por primera vez por Helmut
Heinrich (1988), y son un ejemplo claro de la forma en que la interaccién de los
componentes del sistema climatico puede ser un control dominante del clima de
la Tierra (Broecker, 1994). Los H se caracterizaron por la produccién masiva de
icebergs del casquete de hielo Laurentino que depositaron cantidades
superiores de detritos glaciares (IRD) durante ~500+250 afios (Bond et al., 1992;
Andrews et al., 1993; Hemming, 2004). Las armadas de icebergs, liberaron
grandes cantidades de agua dulce y fria en el Noratlantico, disminuyendo la
temperatura y salinidad ocednica, lo que afecté directamente la circulaciéon

termohalina y el clima global (Maslin y Shackleton, 1995; Vidal et al., 1997).

Durante la altima glaciacion existieron al menos 6 episodios paleoclimaticos de
gran deposicion de IRD en el Noratlantico que duraron entre 1.4 y 3.1 ka y

caracterizaron a los Estadiales Heinrich (H6-H1), ademas de un posible Estadial
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Heinrich 0 durante el Younger Dryas (YD: 12.8-11.6 ka) (Broecker et al., 1992;
Bond et al., 1992; Bond y Lotti, 1995; Andrews et al., 1995; Rasmussen et al., 2006;
Sanchez-Goni y Harrison, 2010). Si bien los Estadiales Heinrich ocurrieron en el
Atlantico norte, su sefial ha sido identificada en los sistemas marinos y
terrestres de diversas latitudes y longitudes, lo que muestra el efecto global de
estos intervalos frios en el clima global (ej. Wang et al., 2001; Zic et al., 2002;
Jennerjahn et al., 2004; Roy et al., 2015).

Este trabajo de tesis presenta los resultados estratigraficos, mineralégicos y
geoquimicos de los sedimentos depositados en el lago Santiaguillo (centro-norte
de Meéxico) para inferir las condiciones de la variabilidad hidrolégica y
climatica que ocurrieron en el desierto de Chihuahua durante el dltimo ciclo
interglacial-glacial-interglacial. La parte medular estd constituida por tres
articulos publicados en las siguientes revistas cientificas: Quaternary Research,
Geological Journal y Journal of South American Earth Sciences. Adicionalmente,
para complementar esta investigaciéon, se realiz6 Introducciéon, Marco

Geografico, Metodologia y Conclusiones generales de los tres articulos.

El Capitulo V est4 formado por el articulo “Paleohydrology of the Santiaguillo
Basin (Mexico) since late last glacial and climate variation in southern part of
western subtropical North America” publicado en Quaternary Research. Este
articulo reconstruye la dindmica hidrolégica de escala milenaria de los altimos
27 ka de la parte suroeste del subtrépico de Norteamérica, a partir de la
caracterizaciéon geoquimica, magnética y estratigrafica de los sedimentos de la
cuenca del lago Santiaguillo. Ademds, presenta una comparacién con otros
registros regionales e identifica la influencia de la dinamica del Monzén de
Norteamérica y las tormentas tropicales en la variabilidad climatica, durante la

parte terminal del Ultimo Periodo Glacial y el Holoceno temprano.

El Capitulo VI estd constituido por el articulo “Orbital-scale droughts in the

central-northern Mexico during the late Quaternary and comparison with other
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subtropical and tropical records” publicado en Geological Journal. Este
articulo reconstruye las condiciones paleohidrolégicas del lago Santiaguillo
durante diferentes Estadios Isotdpicos Marinos, a partir de la geoquimica
elemental, mineralogia y estratigrafia de los sedimentos del lago. Ademas,
evalta el papel de los forzamientos de El Nifio Oscilaciéon del Sur (ENSO, por
sus siglas en inglés) y la temperatura global en la distribucién temporal de las

sequias en la region tropical y subtropical de México.

El Capitulo VII estd conformado por el articulo “Hydrological responses of the
Chihuahua Desert of Mexico to possible Heinrich Stadials” publicado en
Journal of South American Earth Sciences. Este articulo reconstruye la
variabilidad paleohidrolégica de escala milenaria que representaron los seis
diferentes Estadiales Heinrich (H1-H6) a partir de las concentraciones de Al y
Ca, ademas del fraccionamiento de los is6topos de carbono y oxigeno en los

carbonatos de los sedimentos del lago Santiaguillo.



CAPITULO II

Objetivos y Justificacion




Capitulo I  Objetivos y Justificacion

II.1 Objetivo general

Reconstruir la respuesta hidrologica de la parte mexicana del desierto de
Chihuahua a la variabilidad climatica de escala orbital y milenaria durante el
altimo ciclo interglacial-glacial-interglacial, mediante el estudio geoquimico de
los sedimentos depositados en la cuenca del lago Santiaguillo ubicado en el

centro-norte de México.

11.1.1 Objetivos especificos

e Identificar los diferentes intervalos de cambio climéatico registrados en
los sedimentos de la cuenca del lago Santiaguillo.

e Determinar la respuesta del desierto de Chihuahua (México) a la
variabilidad climéatica de escala orbital y milenaria que representan los
Estadios Isotépicos Marinos y Estadiales Heinrich, respectivamente.

e Generar un registro de aridez y compararlo con distintos registros
paleoambientales de la region tropical y subtropical de Norteamérica.

e Establecer la respuesta paleohidrologica de la parte mexicana del
desierto de Chihuahua a los Estadiales Heinrich.

e Inferir los forzamientos climaticos involucrados en la variabilidad

hidrolégica del desierto de Chihuahua.
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I1.2 Justificacion

Trabajos recientes de diferentes autores (ej. Lyle et al., 2012; Barron et al., 2012;
Roy et al., 2013; Kirby et al., 2013; Metcalfe et al., 2015) aportan evidencias que
han permitido generar nuevas y diferentes hipétesis a la propuesta por los
miembros del COHMAP en 1988 para explicar el cambio climatico ocurrido en
el Cuaternario tardio en el subtrépico de Norteamérica. Sin embargo, la escasez
de registros continuos, de extensa temporalidad y alta resolucion, en el centro y
centro-norte de México ha sido una gran limitante para poner a prueba dichas

hipétesis y entender mejor la variabilidad climatica.

En este estudio se presentan registros proxy que reconstruyen las condiciones
paleohidrolégicas del centro-norte de México en escala orbital (Estadios
Isotépicos Marinos) y milenaria (Estadiales Heinrich) durante el dltimo ciclo
interglacial-glacial-interglacial. De esta manera, se infiere la respuesta
hidrolégica de la parte mexicana del desierto de Chihuahua a la variabilidad

climatica e identifica los posibles forzamientos que la afectaron.



CAPITULO III

Marco Geoiroiiico
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III.1 Ubicacién Geografica

El desierto de Chihuahua en México se ubica en al menos 6 diferentes estados
del norte del pais (Chihuahua, Durango, Zacatecas, Coahuila, Nuevo Leén y
San Luis Potosi). El lago Santiaguillo (24°39'N, 104°57" W, 1960 msnm) se
asienta en una cuenca endorreica de origen tecténico orientada NW-SE, en el
subtrépico mexicano, en el margen oeste del desierto de Chihuahua y a las
faldas de la Sierra Madre Occidental, en el estado de Durango (Fig. 1a). La
cuenca cubre un &rea aproximada de 2000 km? y es alimentada por arroyos
efimeros activos durante la época de lluvias (Fig. 1b). Santiaguillo es un sistema
lacustre dividido en dos porciones por un dique artificial, la porcién norte sirve
como una represa de almacenaje de agua con fines de riego, mientras que la
porciéon sur conforma un lago natural sin perturbaciones antropogénicas
considerables. Este lago efimero al sur, guarda un tirante de agua maximo de
cl m durante los meses lluviosos (verano-otofio) y disminuye
considerablemente su nivel, e incluso puede permanecer seco durante la época

de estiaje (invierno-primavera).

III.2 Geologia

La geologia de la region en que se ubica el lago Santiaguillo estd compuesta por
rocas igneas y sedimentarias del Paledgeno, Nedgeno y Cuaternario, pequefios
afloramientos de areniscas-lutitas del Jurdsico superior y rocas metamorficas
del Pérmico (Servicio Geolégico Mexicano., 1998; Nieto Samaniego et al., 2012).
La tecténica regional dio como resultado un sistema de fallas normales,
laterales e inversas, con una orientacion preferencial NW-SE, que modelaron el
graben de Santiaguillo en el Eoceno tardio - Oligoceno temprano (~39-32 Ma), y
condicionaron la geologia de la cuenca (Nieto Samaniego et al., 2012). Las rocas
predominantes son ignimbritas y riolitas que constituyen las montafias
circundantes tanto al este como al oeste del lago y tienen una elevacién entre
¢.2500-3000 msnm. Ademas, se pueden observar conglomerados polimicticos en
el borde este del sistema lacustre, al igual que en el oeste y sur de la cuenca. En

menor proporcion, afloran andesitas al este y oeste, y materiales piroclasticos al
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norte. Esparcidos por la regién, existen numerosos afloramientos de basaltos
del Ne6geno y Cuaternario y en las partes circundantes al lago se presentan

sedimentos aluviales y lacustres recientes (Fig. 1b).

III.3 Climatologia

A partir de tres estaciones meteoroldgicas distribuidas a una distancia entre c.1
y 13 km del lago Santiaguillo (Guatimapé, El Pino y Canatlan), se determinaron
el clima, el régimen de precipitacién y la temperatura de la cuenca. Estas
estaciones comprenden un periodo maximo de medicién de 42 afios (1964 y
2006) (Fuente: Servicio Meteorolégico Nacional). Tomando en cuenta estas
estaciones, el lago presenta un clima drido templado con un régimen de lluvias
de verano tipo BS1kw (Garcia, 1973). La temperatura media anual oscila entre
16 y 18 °C, con maximos en verano (junio) que superan los 38 °C y minimos en
invierno (diciembre-enero) inferiores a 0 °C. Las variaciones anuales de
temperatura son similares a las de la insolacién a 30 °N, con maximos en verano
(475 W/m?) y minimos en invierno (227 W/m?) (Berger y Loutre, 1991) (Fig. 1c).
La precipitacion media anual varia entre 430 y 554 mm, de la cual ¢.90 % ocurre
entre junio y octubre en funcion de las lluvias del Monzén de Norteamérica en
verano y los ciclones tropicales en otofio. El restante c.10 % de la precipitacion
anual tiene lugar entre noviembre y mayo, siendo la primavera la época del afio

mas seca, contribuyendo tinicamente con <4 % de la precipitacién anual.
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Fig. 1. a) Ubicacion de la cuenca del lago Santiaguillo y diferentes estudios paleoambientales en el tropico y subtrépico de Norteamérica. b) Geologia de la
cuenca de Santiaguillo, ubicacién del sitio de muestreo y estaciones meteorolégicas cercanas. c) Histogramas de precipitacién-temperatura de las estaciones
meteoroldgicas. La temperatura sigue la misma tendencia que la insolacién de 30 °N para los taltimos 1000 afios (Berger y Loutre, 1991).
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Los registros historicos, asi como los registros de anillos de &rboles, que
reconstruyen las condiciones paleohidrolégicas del norte de México para los
ultimos 600 afios, indican una conexién directa entre las variaciones de
precipitacion y la temperatura superficial del mar (SST) del océano Pacifico y
Atlantico, en respuesta a El Nifio Oscilaciéon del Sur (ENSO), la Oscilacién
Decadal del Pacifico (PDO) y la Oscilaciéon Multidecadal del Atlantico (AMO)
(Magana et al., 2003; Cleveland et al., 2003; Gonzélez-Elizondo et al., 2005; Sutton
y Hodson, 2005; Versteegh, 2005; Cerano-Paredes et al., 2010; Villanueva-Diaz et
al., 2014). Las fases positivas (calidas) de ENSO y PDO, y las fases negativas
(frias) de la AMO, reducen la cantidad de precipitacion anual en la region
desencadenando sequias. Esto se debe a la disminucién de la precipitacion de
verano durante los intervalos de mayores temperaturas en el Pacifico tropical
en respuesta a la migracion de la Zona Intertropical de Convergencia (ZITC)

hacia menores latitudes (Castro et al., 2001; Magafia et al., 2003).



CAPITULO IV

Metodologia




— copun eotbge

IV.1 Trabajo de campo y muestreo

Con el objetivo de reconstruir la variabilidad climatica del desierto de
Chihuahua en el Pleistoceno tardio, se recolectaron sedimentos depositados en
la cuenca del lago Santiaguillo (estado de Durango, México) en diferentes sitios,
a partir de una trinchera (3 m de profundidad) y dos secuencias de ntcleos (c.10
m de profundidad) (Fig. 2a). Se realiz6 una descripcién estratigrafica de la
secuencia sedimentaria de la trinchera y se extrajeron muestras cada 2 cm para
posteriores andlisis en laboratorio. Las secuencias de ntcleos fueron colectadas
en dos sitios, con una separacién de 5 m, utilizando una perforadora de
percusioén y operacion automadtica en la parte central del lago. Adicionalmente,
se recolectaron 8 muestras de las principales rocas que afloran en los

alrededores de la cuenca.

IV.2 Trabajo de laboratorio

Los ntcleos fueron cortados transversalmente y se realizé6 una descripcion
textural con base en inspeccion macroscopica y microscopica (ej.
Schnurrenberger et al., 2003) (Fig. 2b). De esta forma, la distribucién del tamafio

de grano arrojé informacion de la energia deposicional en la cuenca.

Uno de los ntcleos se guardé como testigo y el otro se submuestre6 en un

intervalo de 1 cm para realizar diferentes andlisis en laboratorio.

Fig. 2. a) Equipo de perforacién de niicleos sedimentarios en la cuenca del lago Santiaguillo. b)
procesamiento y corte transversal de los nticleos en el laboratorio.
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Tanto las muestras de trinchera como de los nucleos fueron secadas en un
horno a 40°C, homogenizadas y molidas en un mortero de 4gata hasta alcanzar
una textura similar a limo. Dichas muestras fueron analizadas por distintas
metodologias para determinar mineralogia, susceptibilidad magnética,
abundancia de carbono inorganico (IC), carbono organico (OC) y nitrégeno
total (TN), concentraciones de elementos mayores y traza de los sedimentos y

relaciones isotépicas de oxigeno (6'0) y carbono (6'3C) en los carbonatos.

1V.2.1 Mineralogia

Se analiz6 la mineralogia de la fraccién cléstica y no-clastica de los sedimentos
en 22 muestras con textura variable, distribuidas a lo largo de la secuencia de
nucleos. Estos andlisis se hicieron con un difractémetro de rayos X (DRX)
Shimadzu 6000 en el Laboratorio de Fluorescencia de Rayos X del Instituto de
Geologia (IGL) de la Universidad Nacional Auténoma de México (UNAM). Con
ayuda del programa Traces V6, la distancia interplanar y el angulo 20 en los
difractogramas resultantes se identific6 la mineralogia de los sedimentos. Los

resultados fueron empleados en los Capitulos VI 'y VII.

IV.2.2 Susceptibilidad Magnética (SM)

Con el objetivo de estimar la concentracion de los minerales magnéticos en la
secuencia de trinchera, se midi6 la susceptibilidad magnética (SM) de los
sedimentos (ej. Thomson y Oldfield, 1986; Urrutia-Fucugauchi et al., 1997;
Blanchet et al., 2007). El equipo utilizado fue un susceptibilimetro con un sensor
de barrido de superficie de alta resoluciéon (2 x 10-¢) MS2E a 2kHz de la marca
Bartington, directamente sobre bolsas de plastico con los sedimentos molidos,
en el Laboratorio de Paleoambientes del IGL de la UNAM. La SM es controlada
por la mineralogia de los sedimentos; la presencia de minerales ferromagnéticos
(ej. magnetita, hematita) y paramagnéticos (ej. anfibol, piroxeno) contribuyen
con valores positivos de susceptibilidad mientras que los minerales
diamagnéticos (ej. yeso, calcita) con valores negativos (Thomson y Oldfield,

1986; Roy et al., 2014).
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I1V.2.3 Control Cronologico

El control cronolégico se realizé con base en andlisis *C AMS de diferentes
muestras de materia orgénica en el sedimento total en laboratorios comerciales
(Beta Analytic e International Chemical Analysis Inc. (ICA)) de EUA. Las muestras
fechadas fueron seleccionadas en funcién de los cambios significativos de la
textura sedimentaria de las secuencias. Con el propésito de evitar
contaminacién por carbono reciente, éstas fueron descostradas y empacadas en
papel aluminio antes de enviar a analizar. El control cronolégico de las
secuencias sedimentarias se llevé a cabo mediante modelos Bayesianos “edad
vs profundidad” calibrando las edades 1C con la curva IntCal 13 (Reimer et al.,
2013) en la version en linea OxCal 4.2 (Bronk Ramsey, 2009). Dichos modelos
fueron evaluados en funcién del Indice de Acuerdo (A), donde valores
superiores a 60 % indican alta correspondencia entre el modelo y las
observaciones, lo que sugiere la ausencia de datos anémalos (outliers) en las

edades radiocarbono.

La cronologia de los sedimentos de la trinchera hace uso de 6 dataciones por #C
AMS en muestras de las profundidades 49, 73, 111, 167, 205 y 279 cm. El modelo
creado consider6 una secuencia P y una flexibilidad k=1 (Bronk Ramsey, 2008).
La asignacién de edades a los sedimentos de toda la secuencia tomé en cuenta
la interpolacion de diferentes tasas de sedimentaciéon entre dataciones

consecutivas.

El control cronolégico de la secuencia del ntcleo se llevé a cabo a partir de 13
dataciones por #C AMS en muestras colectadas a diferentes profundidades (25,
49,78, 89, 110, 136, 174, 266, 291, 319, 355, 385 y 410 cm). Sin embargo, con base
en su posicion estratigrafica, solo 8 tuvieron resultados exitosos (25, 49, 78, 89,
110, 136, 174 y 266 cm) y fueron utilizadas para crear un modelo “edad vs
profundidad” considerando una secuencia P y una flexibilidad de k=0.3. La
asignacion de edades a los sedimentos depositados los 266 cm superficiales de

la secuencia tomd en cuenta la interpolacion de las diferentes tasas de
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sedimentacion calculadas entre edades consecutivas, mientras que las edades
de los sedimentos depositados en la parte basal de la secuencia (1026 - 266 cm)
se asignaron extrapolando una tasa de sedimentacién promediada calculada
entre 266 y 25 cm de profundidad. El modelo cronolégico del Capitulo VII
considero 6 de las dataciones exitosas (78, 89, 110, 136, 174 y 266 cm), utiliz6 los
mismos pardmetros del modelo Bayesiano (secuencia P y k=0.3) y compar6 las
tendenciasias de variaciéon del registro de COj3; con respecto a la insolaciéon de
primavera a 30° latitud norte y las variaciones de los isé6topos de oxigeno con

respecto a la edad.

I1V.2.4 Concentraciones multielementales (FRX)

Con el propésito de caracterizar los minerales clasticos y evaporiticos
autigénicos, se midieron las concentraciones de elementos mayores y traza en
muestras homogenizadas y molidas con Fluorescencia de rayos X (FRX)
portatil. Los equipos utilizados fueron Thermo Scientific Niton XL3t y FXL 950
de los Laboratorios de Geoquimica Ambiental y Paleoambientes del IGL de la
UNAM. El control de calidad de ambos equipos se estimé midiendo por
duplicado distintas muestras, ademas del calculo de parametros de precisién y

exactitud en estdndares certificados (ej. SRM-2702 (NIST, 2016)).

Como los equipos portatiles sobrestiman o subestiman las concentraciones de
los elementos (ej. Roy et al., 2012), un total de 107 muestras colectadas de las
secuencias sedimentarias fueron medidas en un equipo de FRX convencional
SRS 3000 de la marca Siemens en el Laboratorio de Fluorescencia de rayos X del
IGL de la UNAM. Dichos resultados sirvieron como referencia para comparar
metodologias y generar ecuaciones para la correccién de las concentraciones

obtenidas por los equipos portatiles.

El equipo Niton XL3t es un espectrometro de Fluorescencia de rayos X de
dispersion de energia (EDXRF) que cuenta con un tubo emisor de rayos X de 50

kv de oro (Au) y un detector semiconductor de alto rendimiento. El equipo



Caeitulo v Metodologia 21

estim6 las concentraciones de Ti, Fe, K, Ca, Sr y Zr a partir de un método de
medicion no destructivo, directamente sobre una bolsa de plastico con muestra
pulverizada y seca, usando el modo de mediciéon “Soil” (sensible a los

elementos deseados) y un tiempo de medicion total por muestra de ~90 s.

El equipo Niton FXL 950 (también EDXRF), cuenta con un tubo emisor de
Rayos X de 50 kv de plata (Ag) y un detector Geométricamente Optimizado de
Gran Area Flotante (GOLDD, por sus siglas en inglés) (Fig. 3). Este equipo
midi6é las concentraciones de Si, Al, Fe, K, Ti y Ca mediante un método no
destructivo, donde c.5 g de sedimento, pulverizado y seco, se colocaron dentro
de una capsula de plastico complementada con una pelicula delgada para rayos
X de polipropileno de 4 pm de espesor. La muestra fue cubierta con papel filtro
y el espacio restante fue rellenado con fibra de algodén. El modo de medicién
del equipo utilizado fue “Mining Cu/Zn” y el tiempo de andlisis total por

muestra fue de ~4 minutos.

El espectrometro secuencial de fluorescencia de rayos-X de dispersiéon de
longitud de onda (WDXRF) SRS 3000 de marca Siemens utiliza una
metodologia destructiva y cuenta con un tubo emisor de rayos X de Rh y una
ventana de Berilio (Be) de 125 pm. Para el analisis de elementos mayores (Si, Ti,
Al, Fe, Mn, Mg, Ca, Ky P), 0.8 g de muestra de sedimento fueron fundidos
junto con 7.2 g de LiBOz y Li2B4Oy7 (1:1) granular ultrapuro en crisoles de Pt/ Au
(95:5) bajo un procedimiento programado de calentamiento en un periodo de
¢.10 minutos (Lozano Santacruz et al., 1995). Para los andlisis de elementos traza
(Sry Zr), 4 g de muestra y 0.4 g de aglutinante fueron mezclados y prensados

(Lozano Santacruz et al., 1995; Verma et al., 1996).
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Fig. 3. Equipos de Fluorescencia de rayos X para medir las concentraciones de elementos
mayores y traza de los sedimentos. a) Niton XL3t y b) Niton FXL 950 de la marca Thermo
Scietific. ¢) equipo convencional de FRX SRS 3000 marca Siemens.

A continuacion se describen los anélisis realizados de acuerdo con el nimero de

muestras medidas y las variables obtenidas.

Se midieron las concentraciones de Ti, Fe, K, Ca, Sr y Zr en 150 muestras de la
secuencia de trinchera, mediante el equipo Niton XL3t. Adicionalmente, 61 de
estas muestras y 8 mas de roca se analizaron en el equipo de FRX convencional
(SRS 3000) para determinar las concentraciones de los elementos mencionados,
ademas de Si, Al, Na, K, Ca y P. Con dichos resultados, se corrigieron las
concentraciones del equipo portatil y se estim6 el grado de intemperismo y
procedencia de los sedimentos clasticos mediante el Indice de Alteracion
Quimica CIA=[ADLO;/(ALOs;+CaO+Na>0+K>0)] x 100) (Nesbitt y Young, 1984,
1989).

Se midieron las concentraciones de Ti, Fe, K, Ca y Sr en 102 muestras de la
secuencia de nucleos en un intervalo de 10 cm mediante el equipo Niton XL3ty,
38 de estas muestras, también fueron analizadas en el equipo convencional para
obtener las concentraciones de Ti, Fe, K, Ca, Sr, Si, Al, Na, K, Ca y P.
Comparando los resultados de las diferentes metodologias analiticas, se
corrigieron los resultados del equipo de FRX portatil. Asi mismo, se calcul6 el
grado de alteraciéon de los sedimentos clasticos (CIA) en las 38 muestras

medidas por FRX convencional.



Caeitulo v Metodologia 23

En la misma secuencia de ntcleos, se midieron las concentraciones de Si, Al, Fe,
K, Ti y Ca en 183 muestras entre las profundidades de 78 y 560 cm, en
intervalos <5 c¢cm, mediante el equipo Niton FXL 950. Cabe mencionar que la
resolucion del muestreo fue mayor (cada 1-2 cm) en los sedimentos que se
depositaron probablemente durante los Estadiales Heinrich, y fue menor (cada
5 cm) en el resto de la secuencia. Las concentraciones del equipo portétil fueron
corregidas usando los resultados del anélisis de las 38 muestras medidas en el

equipo convencional.

IV.2.5 Abundancia de carbono inorganico (IC), carbono orgdanico (OC) vy

nitrogeno total (TN)

Se analizaron las concentraciones de carbono inorganico (IC) y carbono
organico (OC) y carbono total (IC+OC) con la finalidad de estimar la
abundancia de carbonatos autigénicos e identificar variaciones de
productividad orgénica. Las muestras fueron analizadas en el Laboratorio de
Paleoambientes del IGL de la UNAM mediante un equipo HiperTOC de la
marca Thermo Scientific. De igual forma, se analiz6 el contenido de nitrégeno
total (TN) para, en conjunto con el carbono orgéanico, obtener informacion de las
variaciones de productividad orgédnica en el lago. Los andlisis de TN se
realizaron en un equipo Perkin Elmer Series II CHNS/O de la Facultad de
Quimica de la UNAM.

El equipo que determina la abundancia de carbono inorgénico y carbono total
de los sedimentos, cuantifica el CO: liberado de las muestras (c.10 g) al
agregarles 4cido fosférico (H3POs) al 10 % (abundancia de IC) y calcinarlas a
¢.1000 °C (abundancia de carbono total) (Fig. 4). El carbono orgénico (OC) se

obtiene de restar el carbono inorganico al carbono total.

El equipo de analisis elemental utilizado para cuantificar el nitrégeno total,
mide el contenido de nitrégeno, carbono, hidrégeno y oxigeno en muestras

s6lidas y liquidas. La metodologia empleada fue la de Dumas que consiste en
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oxidar la muestra total a través de una combustién instantdnea que transforma
los elementos en 6xidos. Estos gases son conducidos a través de un tubo de
reduccién que quita el exceso de oxigeno, obteniendo una mezcla de elementos
que son separados por un cromatégrafo y medidos con un detector de

conductividad térmica (CIMA, 2002).

En los sedimentos de trinchera la abundancia de IC y OC se midi6 en un total
de 61 muestras (en intervalos de 4-6 cm) y la cantidad de TN en 31 muestras (en
intervalos de ¢.10 cm). La abundancia de carbono inorganico es expresada como

carbonato (CO3=ICx4.998).

En los sedimentos de nucleos, la abundancia de IC, OC y TN se estim¢6 en 237,
102 y 48 muestras, respectivamente. El Capitulo VI considera la abundancia de
IC y OC en 102 muestras separadas en intervalos de c.10 cm y el carbono
inorganico se expresa como la abundancia de calcita (CaCO3=ICx8.33). El
Capitulo VII toma en cuenta la abundancia de IC en 183 muestras, separadas
entre si por intervalos <5 cm, depositadas entre 78 y 560 cm de profundidad y

expresa la abundancia de IC como carbonato (CO3=ICx4.998). Ademas

considera el OC y TN de 48 muestras medidas en intervalos de cada 10 cm.

Fig. 4. a) Equipo HiperTOC de la marca Thermo Scientific para medir la abundancia de carbono
inorganico (IC) y carbono total. La resta de IC al carbono total da como resultado la abundancia
de carbono organico (OC). b) Equipo Perkin Elmer Series II CHNS/O que mide la abundancia
de Nitrégeno total (TN) en la muestra.



Caeitulo v Metodologia 25

IV.2.6 Isotopia de oxigeno (580) y carbono (613C)

Con el propésito de determinar las variaciones de los isétopos estables de
oxigeno y carbono en los sedimentos de la cuenca de Santiaguillo, e identificar
cambios paleoambientales relacionados con la temperatura del cuerpo de agua
y la fuente de bicarbonato, se estimaron las relaciones isotépicas de &80 y &13C.
A continuacion se describe la metodologia empleada para medir la abundancia
de los isotopos de oxigeno y carbono en la fraccién carbonatada de los

sedimentos.

Tomando en cuenta la mineralogia uniforme de los sedimentos carbonatados y
el modelo cronolégico establecido para la secuencia de ntcleos, se seleccionaron
33 muestras depositadas durante posibles Estadiales Heinrich y en ausencia de
estos eventos. Para remover la fracciéon organica de los sedimentos, las muestras
fueron tratadas con H>O; al 15 % y lavadas con agua desionizada (milli-Q). Los
sedimentos tratados fueron secados a 40 °C, homogenizados y molidos en un

mortero de agata.

Las relaciones isot6picas de carbono (5'3C) y oxigeno (5'80) en los carbonatos se
determinaron usando un espectrémetro de masas Thermo Finnigan MAT 253
acoplado con un Gas Bench II, siguiendo la metodologia de McCrea (1950) en el
laboratorio de Isétopos Estables del IGL en la UNAM. Las relaciones isot6picas
(8180 y 613C) se reportan relativas al estindar VPDB (Vienna Pee Dee Belemnite)

con una desviacion estandar de +0.2%o.

I1V.2.7 Anidlisis Estadisticos

Se utilizaron andlisis estadisticos para determinar las correlaciones entre las
diferentes variables geoquimicas de los sedimentos lacustres de Santiaguillo en
el programa STATISTICA de Statsoft USA. Con este fin, las variables fueron
normalizadas mediante la funcién Z = [(x-u)/0] donde, x es el valor, u es el
promedio de los datos y o es la desviacion estandar. Después de esta

normalizacién, el compendio de datos presenta una distribucién normal y cada
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variable tiene una media 0 y desviacion estandar 1 (Davis, 1987; Swanson et al.,
2001). Los coeficientes de correlaciéon (r) cercanos a 1 establecen fuerte
correlacién positiva entre las variables, los cercanos a -1 sugieren fuerte

correlacion negativa y los cercanos a 0 indican correlaciéon nula.

Para la los sedimentos de trinchera se determinaron los coeficientes de
correlacion (r) entre SM, CO;3, Ti, Fe, K, Ca, Sr, Zr, SiO2/Al:Os y Sr/Ti con un

nivel de significancia p<0.05.

Para los sedimentos de nucleos se calcularon los indices de correlacién (r) entre
variables (IC, CaCOs, COs, Ca, Si, Al, Ti, Fe, K, Sr, Ti/Ca, K/Ca, Sr/Cay CIA) y
se generaron matrices con valor p<0.05. Ademas, se generaron diagramas de
agrupacion (Cluster) conforme a las similitudes entre variables determinando la

asociacion total (Complete Linkage) y midiendo la distancia en 1-Pearson-r.
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Tabla 1. Métodos analiticos empleados y ntimero de muestras analizadas para generar los datos
de los diferentes capitulos (articulos cientificos).

Capitulo V Capitulo VI Capitulo VII
Paleohydrology of the Orbital-scale droughts in
Santiaguillo Basin the central-northern Hudroloeical responses o
(Mexico) since late last Mexico during the late yarotog P f
. : the Chihuahua Desert of
glacial and climate Quaternary and Mexi .
o . ! exico to possible
variation in southern part comparison with other . .
. . . Heinrich Stadials
of western subtropical subtropical and tropical
North America records
Resolucién de analisis 2-10 cm 10 cm 1-5 cm
Profundidad de los analisis 0-300 cm 0-1026 cm 78-560 cm

Metodologia  Informacién Numero de muestras analizadas y variables utilizadas

utilizada obtenida
DRX Shimadzu . .
6000 Mineralogia - 22 22
Bartington Sus;:};:;lhjad 150 ) )
MS2E P

magnético bajo

1uC AMS Dataciones 6 13 6
FRX Siemens ﬂﬁ“ﬁiﬁ“ 69 38 38
SRS 3000 yoresy
traza
FRX Niton FXI,  Liementos
mayores y - - 183
950
traza
Elementos
FRX Niton
XLE3 mayores y 150 102 -
traza
TC 61 102 48
HiperTOC
IC 61 102 183

Perkin Elmer

Series 11 TN 31 - 48
CHNS/O
Finnigan Isétopos Cy O - - 33

MAT 253
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Stratigraphy, geochemistry and radiocarbon dating of a succession of sediment in the Santiaguillo Basin (central-
northern Mexico) help reconstruct the millennial-scale dynamics of hydrological variability that occurred in the
southern part of western subtropical North America since the late last glacial. Runoff was generally above average
during the late last glacial from ~27 to 18 ka. Following this interval, runoff decreased and deposition of
authigenic carbonate and aeolian transported sediment increased until ~4 ka. Heinrich 1 and 2, and Younger
Dryas were intervals of reduced runoff and increased aeolian activity. The wetter climate of central-northern
Mexico and arid conditions in north-northwestern Mexico during the late last glacial were probably related to
formation of tropical cyclones in the eastern North Pacific during the autumn with restricted rainfall swaths
and an absent/weaker North American Monsoon. Enhanced North American Monsoon and tropical cyclones
with expanded rainfall swaths brought more summer and autumn precipitation to a broader region extending
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Mexico from the central-northern Mexico to the continental interiors of southwestern US during the early Holocene.
© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction Numerous researchers suggest that more winter storms provided

Modern day climate of the subtropical North America is controlled
by summer and autumn rainfalls associated with the North American
Monsoon (NAM) and tropical cyclones (Douglas et al., 1993; Stensrud
et al., 1995; Higgins et al., 1997; Mitchell et al., 2002; Amador et al.,
2006; Farfan and Fogel, 2007; Ritchie et al., 2011) as well as winter pre-
cipitation related to the westerly jet stream (Friedman et al., 1992;
Cayan et al., 2008; Caldwell, 2010; Neelin et al., 2013). The Pacific
coast of the southwestern US is dominated by winter precipitation
(Friedman et al., 1992; Cayan et al., 2008; Caldwell, 2010; Neelin et al.,
2013), whereas northern and northwestern Mexico are dominated by
summer and autumn precipitation (Douglas et al., 1993; Stensrud
et al., 1995; Mitchell et al., 2002; Xu et al., 2004; Farfan and Fogel,
2007). The continental interiors of southwestern US receive summer
and autumn precipitation as well as winter rainfall (Sheppard et al.,
2002). Figure 1 shows the present precipitation regimes from different
sites (www.weatherbase.com) and divides the region into northern,
central and southern parts based on locations of the comparison sites.
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greater precipitation to the region during the global last glacial maximum
(LGM) in western subtropical North America (COHMAP members, 1988;
Thompson and Anderson, 2000; Enzel et al., 2003). COHMAP members
(1988) and Kutzbach and Wright (1985) suggested that the Laurentide
ice sheet split the jet streams into two different branches and the stronger
southern branch carried more moisture into the region. However, the
global climate simulations of Kim et al. (2008) and Toracinta et al.
(2004) either did not support the split in the jet stream or indicated
that the southern branch of the jet stream was weaker. The high-
resolution model of Kim et al. (2008) locates the region of dominant win-
ter precipitation in the western-southwestern US and region of dominant
summer precipitation in northwestern Mexico. This model's simulation
also shows that summer precipitation was occurring in the continental
interiors of southwestern US. The juxtaposition of cold ice sheet and adja-
cent warm ice-free land caused a pronounced low-level thermal gradient
and facilitated the development of synoptic cyclones at the southern mar-
gin of Laurentide ice sheet (Bromwich et al.,, 2005). Recently, Oster et al.
(2015) compared a compilation of proxy precipitation reconstructions
from the region with climate simulations and suggested that the
hydroclimate of LGM is best explained by a stronger jet stream that is
squeezed and steered across the continent.
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Over the last two decades, the number of proxy-records from the re-
gion has increased thus improving the knowledge of LGM climate across
the southwestern US and northwestern Mexico (Anderson et al., 2002;
Holmgren et al., 2003, 2007; Kirby et al., 2005, 2006, 2013; Asmerom
et al., 2010; Roy et al., 2010, 2012, 2013; Wagner et al., 2010; Lachniet
et al,, 2014) (Fig. 1). More winter precipitation in the southwestern US
is reflected by the presence of permanent lakes in coastal southern
California, negative excursions in 8'30 values of speleothems from
Nevada, Arizona and New Mexico and absence of summer flowering an-
nuals and C,4 grasses in the US and Mexico borderland (Kirby et al., 2005,
2006; Holmgren et al,, 2007; Asmerom et al., 2010; Wagner et al., 2010).
At the same time, the lacustrine basins from Baja California and
Chihuahua received less runoff as a result of reduced summer precipita-
tion in northern and northwestern Mexico (Roy et al,, 2010, 2012).

Over the deglaciation, the amount of summer precipitation increased
in northern and northwestern Mexico (Roy et al,, 2010, 2012). Lyle et al.
(2012) suggested that the northward expansion of summer precipitation
brought humid air mass into the Great Basin in the interior of the western
US. However, Kirby et al. (2013) and Lachniet et al. (2014) did not recog-
nize any evidence of summer rainfall reaching the coastal southern
California and central Great Basin and suggested that variations in the
hydrological conditions of Lake Elsinore and Leviathan Cave were
controlled by different amounts of winter precipitation. During the
Pleistocene-Holocene transition, an interval of alluvial fan aggradation
in the southwestern US is explained by the enhanced frequency of winter
storms as well as increased penetration of tropical cyclones (Antinao and
McDonald, 2013). In a regional synthesis of Holocene records, Metcalfe
et al. (2015) re-analyzed the influences of both summer and autumn in-
solation and latitudinal migration of Inter-Tropical Convergence Zone
(ITCZ) on climate signals of the NAM region. Barron et al. (2012) reported
presence of enhanced moisture in a broader NAM region during the early
Holocene (>8 ka; all ages in this paper are presented as calendar years
before AD 1950) and related it to the moisture flow sourced from the
subtropical Pacific compared to the regular Gulf of California (GoC).

Paleoclimatic details for central-northern Mexico come from our
previous work in the Santiaguillo Basin (Roy et al., 2014). An enhance-
ment in the amount of runoff into the Santiaguillo Basin during the
Pleistocene-Holocene transition and early Holocene was associated
with more monsoonal moisture sourced from GoC. In this study, we
present new geochemical (organic carbon, carbonate, C/N, and elemental
concentrations) and magnetic susceptibility data extending our knowl-
edge about runoff, evaporation and lake salinity, provenance of organic
productivity and clastic sediments in the basin, and aeolian activity
up to 27 ka. The paleohydrological information is compared with our re-
cently published register of paleoecology of ostracods from the same sed-
iment profile (Chavez-Lara et al., 2015). The runoff record for the
Santiaguillo Basin is compared with proxy records from the Juxtlahuaca
Cave (southwestern Mexico; Lachniet et al., 2013) and Lake Elsinore
(coastal southwestern US; Kirby et al., 2013). Both the Juxtlahuaca Cave
(monsoonal only) and Lake Elsinore (winter only) are end member
sites and the comparison enables us to estimate the influences of mon-
soonal and winter precipitations on the hydrological variations in the
Santiaguillo Basin. We evaluated the influences of different forcings on
the Santiaguillo Basin record through comparison to insolation values
(Berger and Loutre, 1991), reconstructed North Hemisphere temperature
(NGRIP project members, 2004), mean position of ITCZ (Deplazes et al,,
2013), sea surface temperature (SST) records from GoC (McClymont
et al, 2012) and Gulf of Mexico (GoM; Flower et al., 2004), and contem-
porary meteorological data about the NAM and tropical cyclones.

Material and methods
Study site

The ephemeral and endorheic Santiaguillo Basin is located in a half-
graben in central-northern Mexico (24° 44’ N, 104° 48’ W, 1960 m asl)

along the eastern flank of Sierra Madre Occidental Mountains (Fig. 1).
The half-graben was formed at ~ 39-32 Ma (Nieto-Samaniego et al.,
2012) and the present lacustrine basin is spread over an area of
~ 2000 km?. The basin is oriented NW-SE, and has a maximum length
and width of ~ 45 km and ~ 10 km, respectively (Fig. 2). The northern
sub-basin is presently used as an irrigation reservoir and an artificial
dam separates this from the southern natural part of the basin. During
the summer months the deepest part of the southern sub-basin fills
with water to a depth of <1 m.

The bedrock of the basin is composed of Cretaceous to Quaternary
metamorphic, igneous, and sedimentary rocks (Nieto-Samaniego
et al, 2012). Paleogene rhyolite and ignimbrite are the dominant lithol-
ogy and are exposed in the ~ 2500-3000 m high mountains to the im-
mediate east and west of the basin. A large outcrop of Pliocene-
Pleistocene basalt is present ~ 20 km southeast of the basin, constituting
the second most important lithology. Minor exposures of Paleogene an-
desite are present in the surroundings. The Quaternary deposits consist
of lacustrine sediments and alluvium.

Modern climate

A meteorological station at the western margin of the Santiaguillo
Basin (at Guatimape, Fig. 2) recorded an average annual precipitation
of ~ 430 mm between AD 1951-2010 (Source: Servicio Meteorologico
Nacional, Mexico). Summer and autumn precipitations (June-October)
associated with the NAM and tropical cyclones contributed almost 90%
(~385 mm) of the annual rainfall; the winter precipitation (November-
March) contributes < 10% of the annual total. Average annual tempera-
ture is ~ 18°C; it can reach ~ 34°C during the months of May-June and is
sub-zero during December-February.

Sampling and analysis

Sediments were collected up to the depth of 300 cm in a pit dug
in the modern shore of the southern sub-basin (Fig. 2). Chronology
of the sediment column is based on 6 AMS !“C ages on organic mat-
ter present in the bulk sediments collected at depths of 49, 73, 111,
167, 205, and 279 cm (Fig. 3, Table 1). Samples at 2 cm intervals
(n = 150) were oven dried at 40°C, homogenized and ground
with an agate pestle. Concentrations of total carbon and inorganic
carbon (IC) were determined at ~ 4-6 cm intervals (n = 61) in a
Thermo Scientific HiperTOC solid analyzer. Organic carbon (OC)
content was calculated by subtracting IC from total carbon and we
expressed IC as carbonate (COs3). Total nitrogen (TN) was measured
at ~ 10 cm intervals (n = 31) in a Perkin Elmer Series II CHNS/O el-
emental analyzer.

The concentrations of Ti, Fe, K, Ca, Sr, and Zr were measured in all
samples using a Thermo Scientific Niton XL3t X-ray fluorescence
(XRF) analyzer. The data were corrected after measuring the same ele-
ments in 61 samples using the traditional Siemens SRS 3000 XRF (e.g.
Roy et al.,, 2012). Additionally, concentrations of Si, Al, Na, K, Ca and P
were measured at ~ 4-6 cm intervals (n = 61) using traditional XRF.
Low field magnetic susceptibility of all sediment samples was obtained
using a Bartington MS2E high resolution surface scanning sensor at
2 kHz. A total of 8 different rock samples were collected from the two
dominant lithologies (rhyolite and basalt) present in the watershed
(see Fig. 2 for locations) and analyzed for major element concentrations
using traditional XRF.

Results
Sediment
Sediment consists of silty-sand, silt, silty-clay and clay (Fig. 3).

Intercalations of gray clay and yellow calcareous silt are evident
at a depth of 300-278 cm. This is followed by massive yellow silt
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Figure 2. The geology of Santiaguillo Basin and sampling locations. A meteorological station at Guatimape provided the precipitation and temperature data between AD 1951-2010.

and silty-sand with occasional carbonate nodules to a depth of desiccation fissures (~ 65 cm long) at the depth of 75 cm. Massive
75 cm. Intercalations of dark gray silty-clay and calcareous yellow dark gray silty-sand with abundant root remnants occur in the
silt occur above this zone to a depth of 50 cm, with vertical upper 50 cm.
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Table 1

339

Radiocarbon ages of bulk sediment samples and calibration results for the Bayesian age-depth model constructed for a sediment succession from the Santiaguillo Basin.

Lab. code Depth 513C (%) Conventional age Modeled calibrated age® (20, cal yr BP) Median Agreement Index”
(cm) (£ 10, yr BP) (cal yr BP) (%)
Beta-299072 49 —18.0 3610 + 30 3830-4060 3920 99.7
Beta-299073 73 —193 5250 + 30 5920-6180 6000 96.2
Beta-321663 111 —20.2 8900 + 40 9890-10190 10,030 100.2
Beta-299074 167 —20.8 13,360 + 60 15,750-16,160 15,950 70.8
Beta-299075 205 —20.7 14,610 + 60 17,690-18,040 17,880 87.4
Beta-299076 279 —209 20,790 + 100 24,590-25,380 25,060 98.1

@ Calibration using OxCal 4.2 (Bronk Ramsey, 2009) and IntCal_13 radiocarbon calibration curve (Reimer et al., 2013).

b Agreement Index for the model = 79.6%.

0OC and CO3

OC content ranges from 0.2 to 1.2% and the amount of CO5 ranges be-
tween 4 and 23% (Fig. 3). Higher values of CO3 at depths of 281 cm (18%,
n=1),181-175cm (18-23%,n = 2),141-135cm (15-16%,n = 2) and
91 cm (20%, n = 1) are characterized by occasional carbonate nodules.
The distributions of OC and COs do not show any significant correlation
(r=0.1,p<0.05).

TN and C/N ratio

TN varies between 0.02 and 0.10% and sediments have C/N (OC/TN)
of 3-34 (Fig. 3). Lower and less variable C/N (<10) values characterize
the sediment at depths between 200 and 300 cm. In general, C/N is var-
iable (>10) in sediments from a depth of 200 cm to the surface. Lower
values are associated with sediments deposited at depths of 51 cm
and 11 cm (C/N = 8) and the highest value is observed in sediments
at a depth of 91 cm (C/N = 34).

Chronology

An age-depth model (Fig. 4) was generated using the online OxCal
version 4.2 (Bronk Ramsey, 2009). The Bayesian age model is construct-
ed using 6 different stratigraphically consistent '“C ages, IntCal13 cali-
bration curve (Reimer et al., 2013) and P sequence with k = 1 (Bronk
Ramsey, 2008). Both the age model and calibrated ages were evaluated
by the Agreement Index (A). This index is a measure of the correspon-
dence between the data and model. More than 60% threshold for both
indicates agreement between the age-depth model and observations,
and suggests that there are no outliers within the radiocarbon ages.
The calibrated ages and corresponding median values are presented in
Table 1.

The age model incorporates uncertainties (10) of 44-195 years be-
tween the tie points and up to 480 years while extrapolating to bottom
of the core at a depth of 300 cm. The model assigns a median age of
~27 ka to the base of sediment succession and estimates sedimentation
of 9.4-19.8 cm/ka. The rate of sedimentation was highest (19.8 cm/ka)
during ~17.8-15.9 ka and lowest (9.4 cm/ka) during ~15.9-6 ka. Sedi-
ments between depths of 49 and 300 cm were deposited between
~27 and 4 ka and sediments at depths from 49 cm to the surface repre-
sent the depositional history of last ~4 cal ka. Desiccation fissures at a
depth of 75 cm suggest that the pit site was dry at ~6.5 ka. The compa-
rable rates of sedimentation in the interval involving the desiccation
(9.4 cm/ka) and two other intervals without any desiccation fissure,
during ~25-17.8 ka (10.3 cm/ka) and ~10-6 ka (9.4 cm/ka) possibly
suggest the absence of any hiatus or significant erosion at ~6.5 ka. How-
ever, the presence of hiatus and erosion of sediments in arid settings are
common and the sediment profile representing the past 27 ka possibly
contain many such events that were not detectable in the age model.
The median calibrated age (with 10 uncertainty) was assigned to sedi-
ments at 2 cm depth intervals using the interpolation option of OxCal.

Multi-element geochemistry

Basalt present to the southeast of the basin has Ti and Al concentra-
tions of 1.8-2.3% and 3.9-4.3%, respectively. Rhyolite present in the east
and west of the basin has Si concentrations of 34-37%. There are geo-
chemical dissimilarities among the rhyolites. Rhyolite in the western
catchment, for example, has more Ti (0.2-0.3%) and Al (3.4-3.7%) and
less Si (34-35%) compared to the rhyolite in the eastern catchment.
Rhyolite from the eastern catchment has 0.1% of Ti, 2.6-2.9% of Al and
37% of Si. The lacustrine sediments have Si concentrations of 21-31%,
Al concentrations of 2.5-4.1% and Ti concentrations of 0.10-0.25%.

Degree of chemical alteration of the rocks and sediments is estimat-
ed by calculating the chemical index of alteration (CIA; Nesbitt and
Young, 1984, 1989). CIA values of sediments and rocks are 48-86 and
43-55, respectively. Sediments in general have CIA > 60 because most
of them have undergone some degree of chemical weathering
(Fig. 5A). Lower values (CIA < 60) at depths of 218, 251 and 91 cm
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Figure 4. Age-depth model generated for the sediment profile using OxCal version 4.2.
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represent events of deposition of unaltered to low altered sediments
from the watershed into the basin. Irrespective of different degrees of
chemical alteration, the linear trend of sediments in the A-CN-K ternary
diagram indicates a uniform provenance over the past 27 ka. Presence of
rhyolite samples collected from the western catchment along and close
to the linear trend suggests that the lacustrine sediments were mainly
sourced from erosion of the western rhyolite. Similarities in geochemi-
cal characteristics between the lacustrine sediments and western wa-
tershed rhyolite are also evident in the TiO,/Al,03 vs. SiO,/Al;03
binary plot (Fig. 5B). Both the lacustrine sediments and rhyolite from
western watershed have comparable SiO,/Al,03 and TiO,/Al,03 values.

Concentrations of Ti, Fe, K, Ca, Sr, and Zr and relations of SiO,/Al;03
and Zr/Ti along the depth are presented in Figure 6. In general, both K
(2.3-3.2%) and Zr (110-209 ppm) are similar to Ti (r = 0.8, p < 0.05)
and represent the abundance of clastic sediment. Distribution of Ca
(1.8-15.2%) is comparable (r = 0.9, p < 0.05) to COs (Fig. 6) and it rep-
resents the abundance of carbonate minerals. Both Fe and Sr have dis-
tinct temporal distributions (r = 0.4, p < 0.05). Distributions of Fe and
Ti are similar in some parts of the sediment profile and opposite in
other parts (r = 0.1, p < 0.05). Occurrence of Fe, both in clastic grains
and carbonate, could be due to the mobilization of Fe from the silicates
and oxides in an anoxic environment and precipitation along with car-
bonate during the intervals of higher salinity (Cohen, 2003). Similarly,
Sr is associated with both clastic grains (300-200 cm) and carbonate
(200-0 cm). The strong positive correlation between Ti and Zr (r =
0.8, p < 0.05) suggests that both are present in the Ti-bearing and Zr-
bearing clastic sediment sourced from erosion of the western rhyolite.
The rhyolitic source of Ti and Zr is also suggested by similar temporal
variations of Ti, Zr and SiO,/Al;03 (r = 0.5, p < 0.05). However, Zr/Ti
values are variable along the depth (670-1090 x 10~ %) and suggest
that the basin received more Zr-bearing clastic grains compared to Ti-
bearing clastic grains during certain intervals (e.g. sediments at 200-
85 cm depth).

Magnetic susceptibility
Magnetic susceptibility values range between 6 and 17 x 107> SI
(Fig. 6). Characterized with high amplitude variations, the sediments
ALO,
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from a depth of 300-223 cm have higher values (10-17 x 1073 SI). In-
termediate values (11-12 x 10> SI) are associated with the sediments
at a depth of 155-147 cm. The upper 85 cm of the sediment column
have lower values (6-10 x 10~ SI). In general, the distribution of mag-
netic susceptibility is similar to Ti (r = 0.6, p < 0.05) and inverse of Ca
(r= —0.5, p<0.05). More Ti-bearing clastic sediments were deposited
during the intervals of higher magnetic susceptibility, whereas more
carbonates were precipitated during the intervals with lower magnetic
susceptibility.

Discussion
Proxy

Concentrations of Ti and Ca, ratios of Zr/Ti and C/N, and calculated
CIA values are used as proxies to document the paleohydrological vari-
ations (Fig. 7). CIA estimates chemical alteration of sediments and is
used here as an indicator of the degree of sediment-water interaction
in the watershed. In the absence of any carbonate-bearing rock in the
watershed, the carbonate enriched sediments are related to intervals
of more saline water and thus more evaporative/drier conditions in
the basin. Both Ca and CO3 have similar distributions and we consider
that the sediments with more Ca represent intervals of more saline
water and evaporative conditions. Ti reflects the contribution of detrital
materials into the basin. The uniform provenance over the last 27 ka
suggests that sediments with more Ti represent intervals of greater clas-
tic deposition. Negative coefficient of correlation between Ti and Ca
(r = —0.9, p <0.05) suggests that more Ti-bearing clastic sediment
were deposited during intervals of less saline water and thus less evap-
orative/wetter conditions. In general, sediments with more Ti are char-
acterized by CIA of >60. Moderate to highly altered sediments were
transported from the watershed into the basin via runoff as recorded
by higher Ti values. Consequently, we use Ti as a proxy to estimate run-
off into the basin. Sediments with more Ti were deposited during the in-
tervals of more runoff during wetter climates and vice versa.

The moderate positive relationship between Zr/Ti and Ca (r = 0.4,
p <0.05) suggests that more Zr-bearing clastic sediments were deposit-
ed during the intervals of more saline water and more evaporative/drier
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conditions. Sediments with higher values of Zr/Ti are characterized by
CIA of <60. Zr-bearing clastic sediments along with minimally altered
sediments were transported from the dry watershed by aeolian pro-
cesses. Therefore, the ratio of Zr/Ti is used to infer aeolian activity. Con-
tributions of terrestrial vegetation and lacustrine algae to the organic
matter deposited in the basin are determined from C/N relation. Lacus-
trine algae are characterized by C/N < 10, whereas terrestrial plants are
characterized by C/N > 20. Mixed contribution from lacustrine algae and
terrestrial vegetation is reflected by C/N values between 10 and 20
(Talbot and Johannessen, 1992; Meyers and Ishiwatari, 1995).

The proxy data and interpretations are shown in Figure 7, but we do
not provide paleohydrological reconstructions of the past 4 ka due to
lack of chronological control in the upper part of the sediment column.
The proxy records are compared with paleoecological data obtained
from ostracod species assemblages from the same profile (Chavez-
Lara et al., 2015). Concentrations of Ti, Ca and Zr/Ti ratio from another
shallow core reported in Roy et al. (2014) are also shown along with
our data (Fig. 7). Except for the Zr/Ti ratio, the variations of Ti and Ca
are comparable between ~ 14 and 4 ka. Sediments with higher Ti in
the shallow core (~ 12.3-9.3 ka; Roy et al., 2014) and pit (~11.5-9 ka;
this paper) were deposited during contemporary intervals. Similarly,
higher values of Ca in the shallow core sediments are present at ~13,
12,10.5 and 9.5 ka (Roy et al., 2014) and above average Ca concentra-
tions are observed in the pit sediments at ~13, 12, 10 and 9.5 ka. The
slight offsets could be due to chronology of the interpolated parts of
age models. Variation in Zr/Ti ratio is different in the previously pub-
lished shallow core and the present study. Both records indicate higher
values between ~ 14 and 12.3 ka. However, the above average Zr/Ti be-
tween ~ 12.3-7.5 ka is only registered in the pit sediments and not in the
shallow core. The difference could be due to aeolian transported Zr-
bearing clastic grains not reaching uniformly to all sites within the
basin. The pit site possibly recorded more intervals of aeolian activity
due to its location in the basin margin, whereas the shallow core

location received aeolian transported minerals only during some of
the arid intervals.

Paleohydrological variation at Santiaguillo

Santiaguillo Basin received generally above average runoff between
~27 and 18 ka (Fig. 7). Aeolian activity around the basin was generally
below average. Deposition of mostly moderate to highly altered sedi-
ments reflects more sediment-water interaction in the watershed dur-
ing the late last glacial. C/N values of <10 indicate that the organic
matter was dominantly sourced from lacustrine algae. Lower C/N
along with above average Ti suggests that algal productivity increased
during this interval of more runoff into the basin. Ostracod assemblage
indicates presence of a diluted and perennial oligohaline water column
at the modern dry pit site during the late last glacial and LGM (Chavez-
Lara et al., 2015). However, the sediments deposited at ~ 26.5 ka and
~25 ka indicate brief events of average and below average runoff, en-
hanced aeolian transportation of Zr-bearing minerals, above average
evaporative conditions and deposition of minimally altered sediments.
Both the events of reduced runoff and above average aeolian activity oc-
curred within the Heinrich Stadial 2 (26.5-24.3 ka; Sanchez Gofii and
Harrison, 2010). Other similar short lived intervals of more evapora-
tive/drier conditions at ~22.5, 20, 19, and 18.5 ka characterize the late
last glacial (Fig. 7).

Except for 3 brief events between ~11.5 and 9 ka, runoff into the
basin was average and below average between ~18 and 4 ka. C/N values
of >10 indicate that the organic matter in the sediment was dominantly
sourced from terrestrial vegetation during the deglaciation and Holo-
cene. Terrestrial vegetation encroached into the modern littoral zone
of the basin in this interval of reduced runoff. The ostracods suggest in-
creased lake water salinity and presence of an ephemeral oligohaline to
mesohaline water column at the pit site (Chavez-Lara et al., 2015).
Changing hydrological conditions during this interval are reflected by
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high amplitude variations in proxy records. Sediment-water interaction
and its effect on weathering in the watershed were low-moderate be-
tween ~17 and 10.5 ka, and increased to moderate-high during ~ 10.5
to 9 kaand ~7 to 4 ka.

Two notable intervals of below average runoff occurred during
~17.5-16 ka and ~13-11.5 ka, and are coincident with Heinrich Stadial
1 (18-15.6 ka; Sanchez Gofii and Harrison, 2010) and the Younger
Dryas Stadial (12.8-11.6 ka; Pettet, 2009). Both the intervals are repre-
sented by above average carbonate precipitation and aeolian activity. In
summary, our data indicate a transition from wet late last glacial and
LGM to a drier deglaciation and Holocene occurred at ~18 Kka.
Superimposed on this first order change in hydrologic conditions are
the short-lived excursions in aridity and wetness.

Runoff into Santiaguillo Basin and seasonality of precipitation

To evaluate influences of different precipitation sources on the hy-
drological variations that occurred since the late last glacial, the new
runoff record from the Santiaguillo Basin is compared with high-
resolution records of monsoonal rainfall reconstructed from oxygen iso-
tope composition of a speleothem from the Juxtlahuaca Cave (Lachniet
et al., 2013) and winter precipitation reconstructed from sand contents
in sediments from the Lake Elsinore (Kirby et al., 2013) (Fig. 8). Both
these sites represent end members of the hydroclimatic regime. The
speleothem reconstructs variations in amounts of monsoonal rainfall
over the last 22 ka in the southwestern Mexico and the sand contents
reconstruct variation in amounts of winter precipitation between 19
and 9 ka in the coastal southwestern US.

Runoff into Santiaguillo Basin and the §'®0 values from the
speleothem have similar oscillations on millennial time scales. Howev-
er, Ti concentrations of Santiaguillo Basin sediments and sand contents

Monsoonal precipitation

speleothem &0 (%o)
(Juxtlahuaca Cave,
southwest Mexico)

less <«———>» more

4 6 -8 -10 -12

of Lake Elsinore are inversely related. Enhanced monsoonal precipita-
tion in the southwestern Mexico between 22-18 ka occurred within
the interval of generally above average runoff into Santiaguillo between
~27 and 18 ka. Similarly, the regime of weaker monsoonal precipitation
during 17.5 to 11 ka was contemporary to the interval of generally
below average runoff into Santiaguillo at ~ 18-11.5 ka. Over a large
part of this interval, ~ 19-12.9 ka, the coastal southwestern US recorded
enhanced winter precipitation. We suggest that runoff into the
Santiaguillo Basin was mainly controlled by the monsoonal precipita-
tion and winter rainfall was not a significant contributor. The southern
part of western subtropical North America received more monsoonal
precipitation during the late last glacial and LGM (~ 27-18 ka). The
amount of monsoonal rainfall decreased over the deglaciation
into the Pleistocene-Holocene transition (~ 18-11.5 ka).

Regional hydrological variation

Paleoclimate records from 9 different sites from the northern and
northwestern Mexico (Blanchet et al., 2007; Roy et al., 2010, 2012),
US-Mexico borderland (Holmgren et al., 2007) and coastal (Kirby
et al., 2006, 2013) and continental interiors of southwestern US
(Anderson et al., 2002; Asmerom et al., 2007, 2010; Wagner et al.,
2010) are compared to evaluate the millennial-scale changes in
hydroclimate during intervals of ~ 27-18 and 18-10 ka in Figure 9.

Between ~ 27 and 18 ka, more monsoonal precipitation in
the central-northern Mexico provided above average runoff into
Santiaguillo Basin. The enhanced aeolian activity in Baja California Pen-
insula and reduced runoff into the lacustrine basins of Babicora and San
Felipe suggest that northern and northwestern Mexico remained drier.
Lack of macrofossils of summer flowering annuals and C4 grasses in
packrat middens from the Peloncillo and Hueco Mountains (i.e., US—-
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Figure 8. Comparison of runoff into Santiaguillo Basin with the proxy records of monsoonal precipitation estimated in a speleothem from Juxtlahuaca Cave (Lachniet et al., 2013) and win-
ter precipitation estimated from sand contents in sediments of Lake Elsinore (Kirby et al., 2013). The dotted line indicates average Ti value of Santiaguillo Basin sediments.
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Figure 9. Regional hydrological variation estimated by comparison of proxy-records of runoff into the lacustrine basins of central-northern, northern and northwestern Mexico (Roy et al.,
2010, 2012, this study), speleothem records of moisture variation in southwestern US (Asmerom et al., 2007, 2010; Wagner et al., 2010) and lake-level variations in coastal (Kirby et al.,
2005, 2006, 2013) and continental interiors of southwestern US (Anderson et al., 2002) between ~27 and 10 ka. The grouping of registers in terms of southern, central and northern parts is

based on location of the comparison sites.

Mexico borderland) suggests that little monsoonal precipitation fell at
higher latitudes. However, the enhanced winter precipitation led to
the development of permanent lakes in the coastal southwestern US
(i.e. Baldwin Lake; Kirby et al,, 2006). In a regime of monsoonal precip-
itation restricted to the central-northern Mexico, we relate the varying
moisture contents in the continental interiors of southwestern US to dif-
ferent amounts of winter precipitation. More winter precipitation led to
higher lake stands at Lake Estancia (Anderson et al., 2002) and more hu-
midity in the Cave of Bells and Fort Stanton Cave (Asmerom et al., 2010;
Wagner et al., 2010).

Between ~ 18 and 10 ka, the generally drier conditions of Santiaguillo
Basin indicate reduction in monsoonal precipitation in the central-
northern Mexico. However, more summer precipitation in the northern
Mexico provided increased runoff into Babicora after ~18 ka. Similarly,
more summer precipitation was occurring in the Peloncillo and Hueco
Mountains. This wetter climate over a broad region decreased the aeo-
lian transported terrigenous material from the southern Baja California
peninsula into the Pacific Ocean. Higher lake stand in Lake Estancia
(~17-14 ka; Anderson et al., 2002) and more moisture in Fort Stanton
Cave (18-15 ka; Asmerom et al., 2010) were contemporary to an inter-
val of more winter precipitation in the coastal southwestern US as well
as higher summer precipitation in northern Mexico. During the interval
of lowest winter precipitation in coastal southwestern US at ~12.9-
10 ka (Kirby et al., 2013), more moisture in Cave of Bells (13-11.5 ka;
Wagner et al., 2010) and Pink Panther Cave (12.3-10 ka; Asmerom
et al., 2007), higher stand of Lake Estancia (~ 12-11 ka; Anderson
et al.,, 2002) and more runoff into San Felipe (~13-10 ka; Roy et al.,

2010) and Santiaguillo (~ 11.5-9 ka) can only be explained by higher
amounts of monsoonal/summer precipitation. We conclude that the
monsoonal/summer precipitation gradually expanded to higher lati-
tudes over the deglaciation and reached one of its greatest spatial ex-
tents during the Pleistocene-Holocene transition and early Holocene.

Forcing

Based on the Holocene records, Metcalfe et al. (2015) reported
that both summer as well as autumn insolation influenced
monsoonal precipitation of the NAM region. The modern summer
precipitation is associated with NAM and the moisture flow is
sourced from GoC and GoM (Adams and Comrie, 1997; Mitchell
et al., 2002). Both the instrumental and proxy records indicate
positive correlations between NAM and SST of both GoC and GoM
(Mitchell et al., 2002; Barron et al., 2012; Metcalfe et al., 2015).
Similarly, the northerly-located ITCZ in boreal summer strengthens
the NAM (Amador et al., 2006). Figure 10 compares different forcings
with proxy precipitation record for the Santiaguillo Basin to help
identify the possible moisture sources.

Except for Heinrich 1 and Younger Dryas stadials, the temporal var-
iations in runoff show a first order negative correlation with mean posi-
tion of ITCZ. Similarly, the influences of summer (June) insolation and
North Hemisphere temperature on runoff were minimal. More runoff
between ~27-18 ka was contemporary to a southerly positioned ITCZ,
lower summer insolation and cooler temperature in the North Hemi-
sphere. The amount of runoff decreased over the deglaciation as the



P.D. Roy et al. / Quaternary Research 84 (2015) 335-347

Ti (%)

(Santiaguillo) more runoff
—_—

0.15 0.20 0.25

o
I
L

Age (cal ka BP)
©

N
V]
!

26

345

8"0 (%o) of NGRIP ice core

(Greenland) Gulf of Mexico SST
(°C)
-35 -30 23 26 29

L ' [ L

YD

HSA

LGM

HS2

S S S—
)

120 100 80 60 40 175 225 275
. . R . ) ) Gulf of California SST
350 370 390 410 Cariaco Basin C)
[ . PP, ' sediment reflectance
460 480 500 520 Mean position of ITCZ
insolation at 30°N
(W/m?)

Figure 10. Evaluation of possible forcings on the variable monsoonal precipitation in the southern part of western subtropical North America by comparing the proxy record of runoff into
the Santiaguillo Basin with June and September insolations at 30°N latitude (Berger and Loutre, 1991), reconstructed North Hemisphere temperature (NGRIP project members, 2004),
mean position of ITCZ (Deplazes et al., 2013) and SST records from Gulf of California (McClymont et al., 2012) and Gulf of Mexico (Flower et al., 2004).

ITCZ shifted northward, summer insolation increased and North Hemi-
sphere became warmer. A proxy SST record from the Guaymas Basin in-
dicates that GoC did not have the precondition for NAM onset (i.e.
~26°C; Mitchell et al., 2002) during the late last glacial and deglaciation.
The contrasts between runoff and another proxy SST record from the
Orca Basin suggest that minimal amount of moisture reaching the
Santiaguillo Basin was sourced from GoM. We propose that NAM was
either absent or weaker during the late last glacial and deglaciation.
Tropical cyclones forming in the eastern North Pacific during the au-
tumn provide an additional source of moisture for the region (Ritchie
and Elsberry, 2007; Corbosiero et al., 2009; Ritchie et al., 2011). As the
North Hemisphere summer progresses into the autumn, the interaction
between mid-latitude upper-level troughs and northward moving trop-
ical cyclones drop a large quantity of precipitation over Mexico and
across the southwestern US (Jones et al., 2003). The runoff record for
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the Santiaguillo Basin shows a first order positive correlation with the
autumn insolation (September). During the late last glacial and early
Holocene, the Santiaguillo Basin received above average runoff and
autumn insolation was higher. Runoff decreased (below average) in
an interval of lower autumn insolation during the deglaciation. A com-
pilation of the meteorological data during AD 1992-2005 by Ritchie
et al. (2011) indicates that the highest numbers of tropical cyclones
remnants were formed in September and the tropical cyclones had dif-
ferent rainfall swaths. Tropical cyclones grouped as a south recurving
track (e.g. Hurricane Kenna, AD 2002) and rain in Mexico only (e.g.
Hurricane Ileana, AD 1994) had rainfall swaths restricted to the
central-northern Mexico. However, the tropical cyclones with a north
recurving track (e.g. Hurricane Hilary, AD 1993) had expanded rainfall
swaths and brought moisture into the northern-northwestern Mexico
as well as continental interiors of southwestern US.
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We chose to discuss the hydroclimate at ~21 ka (LGM) and ~10.5 ka
(early Holocene) as both intervals had different moisture sources
(Fig. 11). In the absence or occurrence of a weaker NAM, we relate the
LGM wetter climate of the central-northern Mexico to frequent forma-
tion of tropical cyclones in the eastern North Pacific with restricted
rainfall swaths. During the early Holocene, SST of GoC attended the
precondition required for the NAM onset (Mitchell et al., 2002)
and tropical cyclones increasingly penetration into the southwestern
US (~ 11.5-9 ka; Antinao and McDonald, 2013). We assume that the
occurrence of more rainfall in a broader region extending from the
central-northern Mexico in the south up to the continental interiors of
southwestern US in the north were caused by stronger NAM during
the summer and tropical cyclones with expanded rainfall swaths during
the autumn.

Conclusions

Geochemical characteristics of sediments in the Santiaguillo Basin
provided information about runoff, evaporation and lake salinity, prov-
enance of organic productivity and clastic sediments in the basin, and
aeolian activity in the central-northern Mexico over the past 27 ka.
Comparison of the proxy runoff record with pure end member sites sug-
gests that the hydrological variations were controlled by the millennial-
scale dynamics of summer and autumn precipitations related to the
NAM and tropical cyclones. More specifically:

* A transition from wet late last glacial and LGM to a drier deglaciation
and Holocene occurred at ~18 ka. Superimposed on this first order
change in hydrologic conditions are the short-lived excursions in arid-
ity and wetness. Runoff decreased during Heinrich 1 and 2, and Youn-
ger Dryas stadials. The deposition of authigenic carbonate and aeolian
transported sediment increased during these arid intervals.
Difference between the Santiaguillo runoff record and summer insola-
tion (June), North Hemisphere temperature, mean position of ITCZ
and SST records from the Gulf of California and Gulf of Mexico sug-
gests that the NAM had minimal influence on the hydroclimate of
late last glacial and deglaciation.

Frequent formation of tropical cyclones in the eastern North Pacific
with restricted rainfall swaths brought more autumn precipitation
to the central-northern Mexico during the late last glacial. However,
the absence or occurrence of a weaker NAM caused drier conditions
in the northern-northwestern Mexico.

During the early Holocene, an enhanced NAM and tropical cyclones
with expanded rainfall swath patterns brought more summer and au-
tumn moisture from the Gulf of California and eastern North Pacific to
a broader region extending from the central-northern Mexico in the
south up to the continental interiors of southwestern US in the north.
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Palaeoclimate research in subtropical arid Mexico is mainly focused to infer dynamics and geographic distributions of different
precipitation regimes, but droughts have received less attention. We present a new sedimentary core record indicating orbital-scale
dynamics of droughts that occurred in central-northern Mexico during the late Quaternary. This record is reconstructed from abundances
of authigenic carbonate and windblown clastic sediments in a 1026-cm-long sediment core from the Santiaguillo ephemeral lake. The
Marine Isotope Stage (MIS) 2 lacked drought, and at least two different droughts were centred at ¢. 13.5ka and at ¢. 7ka during the
MIS 1. The drought of c¢. 13.5ka in the Santiaguillo ephemeral lake was contemporary to an interval of droughts in the Basin of
Mexico (central Mexico) and stronger aeolian activity in the Baja California peninsula (northwestern Mexico). This synchronous arid
condition, observed in the subtropical as well as tropical Mexico, occurred during an interval of higher spring insolation, relatively warmer but
fluctuating global temperature, and stronger El Nifio-Southern Oscillation. Unsuccessful radiocarbon dating for the lower part of the sediment
core led to an assignment of uncertain chronology to droughts that occurred possibly between MIS 5 and MIS 3. Copyright © 2017 John

Wiley & Sons, Ltd.
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1. INTRODUCTION

The Cooperative Holocene Mapping Project (COHMAP,
1988) presented the first major hypothesis and explained
the principal mechanism behind climate variations that
occurred during the late Quaternary in subtropical North
America. Higher lake levels and expansive woodlands in
the southwestern US during the Last Glacial Maximum
(LGM) were related to more winter storms associated with
a stronger southern branch of the westerly jet streams due
to the presence of a larger ice sheet in North America. Over
the deglaciation and Holocene, the winter moisture into the
region decreased as the ice sheet gradually reduced in size
and the strength of the jet stream decreased. This hypothesis
did not include palaeoclimate data from northern Mexico, as
only a couple of published proxy records were available at
that time (i.e. Cuatro Cienegas; Meyer, 1973; and Bolson
de Mapimi; Van Devender and Burgess, 1985). Both of

*Correspondence to: J. D. Quiroz-Jiménez, Posgrado en Ciencias de la
Tierra, Universidad Nacional Auténoma de México, 04510, Ciudad de
Meéxico, México. E-mail: quiroz_271085@hotmail.com

these records were discontinuous and lacked a robust
chronological control. However, palaeoclimate research of
the subtropical Mexico witnessed increasing interest follow-
ing the COHMAP hypothesis. A literature compilation of
the last three decades indicate at least 40 published papers
with proxy records from more than 27 different sites across
the region. Most of these records are focused on the Holo-
cene deposits (Anderson and Van Devender, 1995; Davis,
2003; Caballero et al., 2005; Castiglia and Fawcett, 2006;
Ortega-Rosas et al., 2008; Roy et al., 2013a), and longer
records providing information about the last glacial
hydrological variations are relatively few in number
(Murillo De Nava et al., 1999; Ortega-Guerrero et al,
1999; Lozano-Garcia et al., 2002; Metcalfe et al., 2002;
Roy et al., 2010, 2013b, 2014; Holmgren et al., 2011).
More continuous records, improved chronology of the
sedimentary sequences, and regional comparisons between
reconstructed hydroclimates of north-northwestern Mexico
and southwestern US have provided an opportunity to test
the earlier hypothesis and propose a new hypothesis in order
to explain the mechanisms of climate change in the region
(Lyle et al., 2012; Kirby et al, 2013; Roy et al., 2013b,

Copyright © 2017 John Wiley & Sons, Ltd.
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2014; Metcalfe et al., 2015; Oster et al., 2015). Recent
reviews of Barron et al. (2012), Antinao and McDonald
(2013), Metcalfe et al. (2015), and Roy ef al. (2015) have
attempted to understand the dynamics of moisture sourced
from the Pacific Ocean and evaluated different forcings
controlling the geographic distributions of the winter storms
and summer precipitation related to the North American
Monsoon (NAM) and tropical cyclone. In a sedimentary
record reaching up to the Marine Isotope Stage (MIS) 4,
Roy et al. (2013b) proposed that the winter storms had
minimal influence in the regions located south of 29°N
latitude during the last glacial period and the hydroclimate
of northern Mexico was mainly influenced by the dynamics
of the summer precipitation. During the LGM, precipitation
was restricted to central-northern Mexico, and a broader
region in north-northwestern Mexico remained dry (Roy
et al., 2015). Northward expansion of the summer moisture
during the deglaciation brought more humidity up to the
Great Basin (Lyle ef al.,, 2012). However, the observations
of Kirby et al. (2013) and Lachniet ef al. (2014), indicating
an absence of summer rainfall in coastal southern California
as well as central parts of the Great Basin, improved our
understanding of geographic coverage of the summer precip-
itation during this interval. Antinao and McDonald (2013) re-
lated the humid conditions during the Pleistocene—Holocene
transition in the southwestern US to enhanced winter storms
as well as increased penetration of tropical cyclones. A con-
temporary interval in the central-northern Mexico received
more precipitation as a result of stronger NAM with moisture
sourced from the Gulf of California (Roy ef al., 2014). How-
ever, the source of dominant moisture flow was changed from
the Gulf of California to the subtropical Pacific Ocean during
the early Holocene (Barron et al., 2012). Over the late Holo-
cene, other forcings such as the Pacific Decadal Oscillation
(PDO), El Nifio Southern Oscillation (ENSO) and Atlantic
Multidecadal Oscillation (AMO) caused significant changes
to precipitation regimes (Metcalfe ef al., 2015).

Compared with multiple investigations to understand the
variable precipitation regimes, fewer studies have attempted
to decipher drought dynamics in the region (i.e. Murillo de
Nava et al., 1999; Blanchet ef al., 2007). In this paper, we
present a new drought record and provide information about
orbital-scale dynamics of droughts that occurred in central-
northern Mexico during the late Quaternary from
abundances of authigenic carbonate and windblown clastic
sediments deposited in the Santiaguillo ephemeral lake.
We evaluated influences of insolation, inter-tropical conver-
gence zone (ITCZ), ENSO, and North Hemisphere tempera-
ture on the drought dynamics. Comparisons of the new data
with a drought record from central Mexico (Basin of
Mexico; Torres-Rodriguez et al., 2015) and proxy records
of aridity from northern (palacolake Babicora; Roy et al,
2013b) and northwestern Mexico (southern Baja California

Copyright © 2017 John Wiley & Sons, Ltd.

peninsula; Blanchet et al,, 2007) estimated the geographic
distributions of arid intervals across the subtropical as well
as tropical Mexico.

2. REGIONAL SETTINGS

2.1. Study site

The Santiaguillo ephemeral lake (24° 44° N, 104° 48" W,
1960 m asl) is located at the southern part of a tectonic basin
(Nieto-Samaniego et al., 2012) in the subtropical central-
northern Mexico (Fig. 1). It is situated ~75km north of
Durango City and in the eastern foothills of the western
Sierra Madre. It is surrounded by ~2500-3000-m-high moun-
tains and fed by several intermittent streams. The tectonic
basin is ~45km long and is divided into two different parts
by a man-made dam. The smaller part at the northern sector
has a reservoir for irrigation purposes (i.e. artificial), and the
larger southern natural part is natural. The ephemeral south-
ern part is less than a metre depth in the summer and autumn
months and remains dry for the rest of the year.

2.2. Climate

This basin is located in the southern NAM region as defined
by Metcalfe ef al. (2015), and it has a temperate semi-arid
climate (BS1kw) (Garcia, 1973). Three different weather
stations (i.e. Guatimapé: AD 1978-2006, El Pino: AD
1964-2006 and Canatlain: AD 1964-2006) located at
distances between 1 and 13km from the basin provide the
instrumental meteorological data (Fig. 2) (source: Servicio
Meteorolégico Nacional, México). Average annual precipi-
tation varied between 430 and 554 mm, and almost 90% of
the total precipitation reached through NAM and tropical cy-
clones during summer and autumn months (June—October)
(Fig. 1). Spring is the driest season of the year with <4%
of total annual rainfall occurring from March to May. The
average annual temperature fluctuated between 16 and
18°C; it reached ~38°C in the month of June and fell below
zero from December to January.

Both the instrumental data and the tree-ring records
representing the last 600 years relate the interannual precipi-
tation variability with sea surface temperature (SST) of the
tropical Pacific and Atlantic Oceans modulated ENSO,
PDO and AMO (Cleveland et al., 2003; Magafia et al.,
2003; Gonzalez-Elizondo et al., 2005; Sutton and Hodson,
2005; Versteegh, 2005; Cerano-Paredes et al, 2010;
Villanueva-Diaz et al., 2014). Positive (warmer) phases of
ENSO and PDO and cooler phases of AMO in general
reduce the amount of total annual precipitation (drought) in
the region. The amounts of summer precipitation also
decreased during intervals of warmer conditions in the
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Figure 1. Map showing location and geology of the Santiaguillo ephemeral lake in the subtropical central-northern Mexico. Chemical composition and min-
eralogical abundance of a 1026-cm-long sediment core from the basin provides information about orbital-scale drought dynamics during the late Quaternary.
Locations of other records of aridity from different sites across the northern, northwestern and central Mexico are shown in filled circles.

eastern tropical Pacific Ocean and location of ITCZ closer to
the equator (Castro ef al., 2001; Magaifia et al., 2003).

2.3. Geology

The catchment rocks exposed in the mountains located in the
vicinity of the basin are predominantly ignimbrites and rhy-
olites (Nieto-Samaniego et al., 2012) (Fig. 1). Andesites are
exposed both in the eastern and western catchment, whereas
basalts are exposed in the southern part of the basin. Smaller
outcrops of metamorphic rocks and Jurassic sandstone—
siltstone are present to the east of the basin (Servicio
Geoldgico Mexicano, 1998). Other sedimentary deposits
include conglomerates and alluvium.

3. SAMPLING AND ANALYSIS

A 1026-cm-long sediment core was collected from the
Santiaguillo ephemeral lake (Fig. 1). It was split in the

Copyright © 2017 John Wiley & Sons, Ltd.

laboratory and photographed. Sediment texture was defined
after macroscopic inspection and microscopic observation
of smear slides using the protocol of Schnurrenberger et al.
(2003) in order to understand the sediment grain size
distributions and, hence, depositional energy in the basin.
The core was sampled at 2-cm intervals, and all the samples
were oven dried at 40°C, homogenized and grounded with
an agate pestle. Clastic and non-clastic minerals were
identified in 22 samples collected at different depths along
the core using a Shimadzu-6000 X-ray diffractometer
(XRD) in order to identify the intervals of higher erosion
in the watershed and higher lake water salinity. Organic
carbon and inorganic carbon contents were measured in
102 samples (at every ~10-cm interval) in a Thermo
Scientific HiperTOC solid analyser. Both of them provide
proxy information to identify the intervals of different
productivity and quantify the abundance of authigenic
carbonates. Concentrations of Ti, Fe, K, Ca and Sr were
measured in the same samples using a non-destructive
Thermo Scientific Niton XL3t X-ray fluorescence (XRF)
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Figure 2. Modern meteorological data (precipitation: bars and temperature: lines) is provided by three different stations (i.e. Guatimapé: AD 1978-2006, El
Pino: AD 1964-2006 and Canatlan: AD 1964-2006) located at distances of 1-13 km from the basin. Temperature follows the monthly insolation values of last
1ka (Berger and Loutre, 1991).

analyser for the chemical characterization of primary clastic
minerals and authigenic evaporites deposited in the basin.
All these elements were also measured in a traditional and de-
structive Siemens SRS 3000 XRF in 38 samples collected all
along the core. Data obtained in both XRF analysers show the
coefficient of correlations of 0.8 for K and Sr and 0.9 for Ti,
Fe and Ca. Compared with traditional XRF, Niton XL3t
XRF overestimated the concentrations of Ti and Ca and
underestimated the concentrations of Fe, K and Sr. Obtained
data were corrected using the linear regression equations (e.g.
Roy et al., 2012). Additionally, concentration of Al was mea-
sured in 38 samples along the core using the traditional XRF
in order to estimate the degree of chemical alteration (CIA) of
the clastic sediments by using the concentrations of oxides in
siliciclastic fractions of sediments and the formula of Nesbitt
and Young (1984, 1989): CIA=[Al,03/(Al,03+Ca0O
+Na,O0+K,0)]x 100. For chronological control of the
sediment core, bulk organic carbon present in 13 different
samples at depths of 25, 49, 78, 89, 110, 136, 174, 266,
291, 319, 355, 385, and 410 cm was analysed for '“C AMS.
Statistical analysis (correlation matrix and cluster) was
performed using the STATISTICA software to identify the
associations of different chemical parameters.

4. RESULTS

4.1. Core sediment and mineralogy

The core sediments comprise silty sand, sandy silt, silt, silty
clay, and sand textures (Fig. 3). The basal part of the sequence

Copyright © 2017 John Wiley & Sons, Ltd.

(1026—646 cm) has massive calcareous sandy silt. Silty sand
is present at depths of 961-945 cm and 890-862 cm, and silty
clay is present at depths of 704—686 cm. Intercalations of
calcareous and non-calcareous silty sand and sandy silt are
present in the intermediate part (646-266cm). Two
dominantly fine to medium sand layers are observed at depths
of 469-420 cm and 297-266 cm. Both these sand layers also
contain gravel-size rock fragments. The upper most part of
the core (266—0 cm) contains intercalations of massive sandy
silt and silt. A silty-clay layer is present at depths of
34-20cm. More root remnants are observed at depths of
34-0cm. Sediments have different abundances of clastic
minerals as well as non-clastic calcite (Table 1). The clastic
minerals are composed of quartz, K-feldspars, cristobalite,
zircon, montmorillonite and illite. Quartz and calcite are the
most abundant minerals, and all others are present in trace
amounts.

4.2. Organic carbon (OC) and inorganic carbon (IC)

Sediments have 0.1-2.6% of OC and 0.3-5.5% of IC (Fig. 3).
There is no clear relationship between sediment texture and
OC. OC > 1% is observed in sediments at depths of 976 cm
(1.3%), 936cm (1.3%), 846cm (1.6%), 679cm (1.3%),
374cm (1.9%), 344cm (1.6%), 126cm (2%) and 20cm
(2.6%). The rest of the sediment column has <1% of OC.

As calcite is the only carbonate mineral present, we
expressed IC as CaCOj;. Abundance of CaCO;5 varies be-
tween 2.1% and 45.5% (Fig. 3). Sediments with higher values
are present at depths of 1016cm (20.1%), 886.cm (18.3%),
846cm (30.4%), 726 cm (45.5%), 544 cm (36.2%), 394 cm
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C dates and sedimentation rates at different depths. Abundances of organic carbon (OC) and inorganic carbon (IC), concentrations of Ti, Fe, K, Ca

14

Figure 3. Stratigraphy of the core along with AMS

and Sr, and ratios of Ti/Al and Ti/Ca are presented along the core. The dotted lines show average values of each element and element ratios. Degree of chemical weathering of clastic minerals is estimated

by CIA.

Table 1. Clastic and authigenic minerals present in sediments of
the Santiaguillo ephemeral lake

Abundance

Clastic mineral ~ Quartz Trace to abundant

Feldspar Trace
(orthoclase, anorthoclase)
Cristobalite Trace
Zircon Trace
Montmorillonite Trace
Tllite Trace
Authigenic Calcite Trace to abundant

mineral

(23.4%), 364 cm (29.4%), 314 cm (29.5%), 121 cm (43.4%)
and 71cm (19%). In general, CaCO; of <10% is observed
in sediments representing the rest of the core.

4.3. Multi-element concentration and statistical analysis

Sediments have 0.1-0.3% of Ti, 0.7-1.7% of Fe, 1.8-2.9%
of K, 0.5-21% of Ca and 88—460 ppm of Sr (Fig. 3). The ra-
tio of Ti/Al is homogeneous (0.04-0.07), and chemical in-
dex of alteration (CIA) varies between 42 and 77 all along
the core (Fig. 3). CIA values (e.g. Nesbitt and Young,
1984, 1989) suggest that clastic sediments have undergone
varying degrees of chemical weathering during the transpor-
tation from the watershed to the basin. Sediments with
CIA <60 had minimal chemical weathering (no/less
sediment-water interaction) and preserved the primary
silicate minerals (i.e. feldspar). Sediments with CIA > 60
had undergone up to moderate chemical weathering (more
sediment—water interaction) and hosted both primary sili-
cates (i.e. feldspar) and secondary clay minerals (i.e. mont-
morillonite and illite).

In general, the distribution of Ti is comparable with the
distributions of Fe and K, and the distribution of Ca is
comparable with that of Sr. Table 2 presents the correlation
coefficient matrix of all the geochemical parameters. The
first group of elements is sourced from different primary
minerals present in the clastic sediments. Fe and K are
mobile, whereas Ti is an insoluble element and is insensitive
to environmental redox variation (e.g. Mason and Moore,
1982; Yarincik et al, 2000). The relatively lower coeffi-
cients of correlations (#=0.5, p <0.05) of Fe and K with
Ti suggest that a part of Fe and K was released from the
Fe and K-bearing primary minerals in conditions of
increasing sediment—water interaction in the watershed
(e.g. Mason and Moore, 1982; Cohen, 2003). Partial mobil-
ity of both these elements is also suggested by the higher
correlation of Ti with CIA (#=0.8, p<0.05) and lower
correlations of Fe and K with CIA (r=0.6, p <0.05).
Subsequently, the soluble Fe and K might have re-
precipitated as authigenic minerals or adsorbed onto the
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Table 2. Correlation coefficient matrix () with p < 0.05 of the geochemical variables of sediments deposited in the Santiaguillo ephemeral

lake
1C oC Ca Sr Ti K Fe Ti/Ca Fe/Ca K/Ca Sr/Ca CIA
IC 1.0
oC —-0.2 1.0
Ca 1.0 —0.1 1.0
Sr 0.6 0.0 0.6 1.0
Ti —-0.7 0.2 —0.7 —-0.3 1.0
K -0.7 0.0 —-0.7 —-04 0.5 1.0
Fe —0.2 0.1 —-0.2 —0.1 0.5 0.1 1.0
Ti/Ca —-0.6 0.1 —0.6 —0.6 0.3 0.4 —0.1 1.0
Fe/Ca —-0.6 0.1 —0.6 —0.6 0.3 0.4 0.2 0.9 1.0
K/Ca —0.6 0.0 —0.6 —0.6 0.2 0.4 —-0.2 1.0 0.9 1.0
Sr/Ca —-0.6 0.0 —0.6 —04 0.3 0.4 —-0.2 0.9 0.8 0.9 1.0
CIA —-0.7 —0.1 —-0.8 —-0.5 0.8 0.6 0.6 0.6 0.5 0.5 0.5 1.0

secondary clay minerals. However, mineralogical composi-
tion of the sediments and negative correlations of Fe
(r=—0.2, p<0.05) and K (r=-0.8, p<0.05) with IC
suggest the absence of Fe and K in carbonates and their
possible adsorption onto the clay minerals such as montmo-
rillonite and illite. An absence of any correlation between
both (r=0.1, p<0.05) indicates that different processes
led to the release of Fe and K from the primary clastic
minerals. Compared with the partly mobile Fe and K, Ti
represents the abundance of primary minerals present in
clastic sediments.

The second group of elements comprising Ca and Sr is
positively correlated with IC (»=1.0 and 0.6, p <0.05,
respectively) and represent the calcite abundance. A nega-
tive correlation between IC and CIA (r=-0.7, p <0.05)

indicates that the clastic sediments deposited along with cal-
cite were either unaltered or experienced lower degree of
sediment—water interaction during transportation from the
watershed to the basin. Relatively lower positive correlation
of Sr with IC (=0.6, p <0.05) is due to the association of a
part of Sr in non-carbonate minerals (e.g. feldspar). Negative
correlations of Ca with Ti (r=—0.7, p <0.05), Fe (r=—0.2,
p <0.05) and K (r=—0.7, p <0.05) indicate that calcite has
a diluting effect on the clastic mineral abundance. Element
ratios (i.e. proxies) are insensitive to the noise factor associ-
ated with dilution effects (e.g. Weltje and Tjallingii, 2008).
Hence, we used ratios of Ti/Ca, Fe/Ca, K/Ca and Sr/Ca in
order to characterize the chemical compositions of clastic
minerals. The cluster analysis groups Ti/Ca, Fe/Ca, K/Ca
and Sr/Ca along with CIA (cluster 1) (Fig. 4). All these
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Figure 4. Dendrogram based on 1-Pearson-r complete linkage method for geochemical variables of sediments from the Santiaguillo ephemeral lake.
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Table 3. Radiocarbon date, calibrated value and agreement index of samples from different depth intervals from the core collected from the

Santiaguillo ephemeral lake

Modelled age

Agreement
Lab code Depth (cm) 4c year BP 313C (%o) 2c range (cal. year BP) Median age (cal. year BP) index (A)
0S/0506 25 1400 +40 —-21.2 1380-1270 1310 99.2
Beta-346907 49 3730+ 30 —22.8 4220-3980 4080 99.6
Beta-367219 78 7130+40 —19.2 8020-7860 7960 99.9
Beta-355322 89 836040 —21.4 9470-9150 9340 91.8
0S/0507 110 876040 —25.0 10 150-9670 9860 77.0
Beta-346908 136 15020+ 60 —20.6 18440-18 020 18240 99.2
Beta-367220 174 20300+ 100 —-21.0 24510-23970 24240 80.8
Beta-346910 266 22840+ 100 —21.2 27500-27 050 27290 96.1

Copyright © 2017 John Wiley & Sons, Ltd.
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element ratios are linked to chemical variables (Ca and IC)
representing the calcite (cluster 2) with a higher linkage
distance, and the cluster of element ratios is negatively
related (r=—0.6, p<0.05) to the chemical variables
associated with calcite. It suggests that sediments char-
acterized by the lower values of these element ratios
were deposited during the intervals of higher calcite
deposition.

4.4. Chronology

The radiocarbon analysis was successfully done for eight
samples. A Bayesian age—depth model was constructed
using the successful '“C ages in sediments deposited be-
tween depths of 266 and 25 cm, IntCall3 calibration curve
(Reimer et al., 2013) and P sequence with £=0.3 (Fig. 5)
(Bronk Ramsey, 2008). Table 3 presents the calibrated ages
and corresponding median values. This age model was gen-
erated using the online OxCal version 4.2 (Bronk Ramsey,
2009) and has an Agreement Index (A) of 80. It incorporates
uncertainties (2o) of 40-290 years between the tie points and
assigns median ages between c. 27.3 ka (age in thousands of
calendar years before 1950 AD are presented as ka) and
1.3ka for sediments of 266-25-cm depths. The upper
25 cm of the sediment core was deposited over the last c.
1.3 ka. Sedimentation rate varies between 3.1 and 40.4 cm/ka
with an average of 14.9cm/ka (Figs. 3 and 5). Samples
analysed for geochemistry were separated from each other
by 130 to 3210years (~10-cm interval) and hence
documented millennial to orbital-scale variations in the
depositional history.

Higher sedimentation rates of 30.2cm/ka (266—174 cm)
and 40.4cm/ka (110-89cm) occurred during c. 27.3-
242ka and ¢ 9.9-9.3ka, respectively. The lowest
sedimentation of 3.1 cm/ka (136—110 cm) is observed during
c. 18.2-9.9ka. We assigned a chronology to sediments
present at depths of >266cm by extrapolating an average
sedimentation of 14.9 cm/ka (calculated between 266- and
25-cm depths) to the base of the core. This method was
followed as the depositional history of the last c¢. 27.3ka
was characterized by both heterogeneous sediment
texture and different sedimentation rates. The core base
(i.e. 1026 cm) has a possible median age of ¢. 126ka. In
the absence of radiocarbon dates in the lower part of the
sediment sequence collected from the subtropical Pacific
Ocean, Blanchet ef al. (2007) assigned a chronology up to
c. 120ka by interpolating between the last radiocarbon age
and the sediments representing the Blake magnetic excur-
sion. However, our approach is similar to extrapolation of
the chronology to lower parts of sediment columns as
followed by Blazevic et al. (2009) and Burnett et al.
(2011) in different studies.

Copyright © 2017 John Wiley & Sons, Ltd.

5. DISCUSSION

5.1. Palaeohydrological proxy

The Santiaguillo sediments comprise primary silicates
(quartz, K-feldspar and zircon), secondary alumino-silicates
(montmorillonite and illite) and calcite in varying propor-
tions. The watershed geology indicates the presence of
non-carbonate volcanic, metamorphic and sedimentary
rocks (Fig. 1). Hence, calcite is an authigenic mineral, and
it was deposited in the basin by evaporation of the water
column during the arid intervals. We estimated the
abundance of calcite from CaCQO; values, and sediments
with more calcite represent evaporative intervals.

Using a provenance diagram, Roy ef al. (2015) have
reported a uniform provenance for clastic sediments
deposited over the last 27 ka in the Santiaguillo ephemeral
lake. Homogeneous values of Ti/Al along the new core
indicate that clastic sediments present in the 1026-cm-long
core were also sourced from the erosion of similar associa-
tion of rocks. Chemical characteristics of primary clastic
sediments deposited in the basin are inferred from varying
Ti/Ca, Fe/Ca, K/Ca and Sr/Ca ratios (i.e. clastic sediments
with lower elemental ratio or clastic sediments with higher
elemental ratio). As all the element ratios show better
correlations (»=0.8-0.9, p < 0.05) with each other, we used
only Ti/Ca as a proxy to characterize the clastic minerals.
Negative correlation of CaCO; with Ti/Ca (r=-0.6,
p<0.05) and CIA (r=—0.7, p <0.05) indicates that clastic
sediments with less Ti/Ca were transported into the basin
from a drier watershed and deposited along with the
carbonate-enriched sediments. Minimal or absence of
sediment—water interaction suggest that less Ti/Ca-bearing
clastic sediments were windblown and hence represent the
intervals of higher aeolian activity in the watershed. We
demarcated the droughts by identifying sediments with both
above-average amounts of calcite and below-average values
of Ti/Ca (Fig. 6). More calcite precipitation represents the
intervals of enhanced evaporative conditions, and deposition
of windblown clastic sediments represents the intervals of
drier watershed and enhanced aeolian activity.

5.2. Drought record

MIS 2 and 1: Below-average amounts of calcite deposition
and minimal abundance of windblown clastics suggest an
absence of drought during the MIS 2 (c. 28—15ka; Fig. 6).
At least two different events of drought occurred in the
MIS 1 (last c. 15ka), and they were centred at c. 13.5ka
and c¢. 7ka. However, sediments deposited during the
drought of ¢. 13.5ka are characterized by more calcite and
less Ti/Ca compared with sediments representing the
drought of c¢. 7ka. In previous studies, Chdvez-Lara ef al.
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Figure 6. Droughts are indicated by sediments with above-average amounts of calcite and clastics with below-average abundance of Ti/Ca-bearing minerals.
Dotted lines indicate the average values.

(2015) and Roy et al. (2015) reconstructed runoff and water
column salinity of the Santiaguillo lake between c. 27 and
4 ka. The new core is collected from a relatively central part
of the lake, while both the previous studies are based on sed-
iments from the modern shore. Irrespective of different sam-
pling resolutions and age models of the previous studies and
the present paper, tendencies of the drought record and water
column salinity were almost synchronous in orbital time
scale (Fig. 7). Absence of drought during the MIS 2 was
contemporary to an interval (c¢. 27-18ka) of more runoff
and presence of diluted and perennial oligohaline water col-
umn at the modern shore. Similarly, MIS 1 (c. last 15 ka) had
two different droughts, and Santiaguillo received less runoff
and hosted more saline (oligohaline—mesohaline) ephemeral
water column at the shore.

The extrapolation of a uniform sedimentation rate for the
rest of the core might be erroneous. Hence, we discussed
about droughts occurred during the MIS 5, 4 and 3 by
providing information about the depth and uncertain
chronologies (Fig. 6).

MIS 5, 4 and 3: Droughts represented by sediments at
depths of 1026-1016cm (c. 125ka?), 996-986cm
(c. 120ka?), 896-886cm (c. 108ka?), 856-826cm

Copyright © 2017 John Wiley & Sons, Ltd.

(c. 102ka?), 736-716cm (c. 87ka?) and 669-659 cm
(c. 78ka?) possibly occurred during the MIS 5. However,
sediments at depths of 856-826cm and 736-716cm have
more calcite and less Ti/Ca compared with the rest. The
droughts registered by sediments at depths of 589-564 cm
(c. 67ka?) and 554-544cm (c. 63ka?) possibly represent
the MIS 4. Sediments deposited at depths of 554-544 cm
have more calcite compared with sediments of 589-
564 cm. The earlier part of MIS 3 lacked drought, and the
later part had at least three different droughts represented
by sediments at depths of 404-384cm (c. 44ka?), 364—
344cm (c. 40ka?) and 324-304cm (c. 33ka?). Droughts
of the late MIS 3 have almost comparable amounts of calcite
deposition.

5.3. Forcing

In a regional synthesis of palaeoclimate records, Metcalfe
et al. (2015) observed that the hydroclimate of the NAM re-
gion was affected by changes in the summer and autumn so-
lar irradiances, location of ITCZ and ENSO variability. An
earlier proxy-based precipitation record representing the late
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Figure 7. Proxy records indicating (A) runoff into palacolake Babicora (Roy et al., 2013a, 2013b), (B) drought from Santiaguillo ephemeral lake (this study),

(C) aeolian activity in southern part of the Baja California peninsula (Blanchet et a/., 2007) and (D) droughts in the Basin of Mexico (Torres-Rodriguez et al.,

2015) provide hydroclimatic information of the subtropical and tropical Mexico. Droughts recorded in Santiaguillo is compared with (B) April (spring), June

(summer) and September (autumn) insolations (Berger and Loutre, 1991), (E) mean position of ITCZ (Deplazes et al., 2013), (F) North Hemisphere temperature

(NGRIP project members, 2004) and (G) ENSO activity (Stott ef al., 2002). The event shown in dark-grey band has lower regional expansion compared with
the interval marked in lighter-grey band. Arid conditions during the early MIS 1 (c. 13.5ka) had the highest regional expansion.

last glacial-early Holocene from Santiaguillo showed
first-order positive correlation with the autumn insolation
(Roy et al., 2015). We intended to identify possible climatic
forcings on orbital-scale drought dynamics of central-
northern Mexico and evaluated geographic coverage of the
arid intervals that occurred only during the well-constrained
MIS 2 and MIS 1 (Fig. 7). The drought record is compared
with seasonal insolations (Berger and Loutre, 1991), mean
position of the ITCZ (Deplazes et al., 2013), North
Hemisphere temperature (NGRIP project members, 2004)
and super-ENSO activity (Stott ef al., 2002).

As droughts are intervals of moisture scarcity, we
expected negative relationship between the drought record
and the autumn (September) insolation. For example, the
autumn insolation was higher, and Santiaguillo lacked
drought during the late last glacial (early part of MIS 2).
However, the tendencies of calcite abundance and autumn
insolation do not show similar relationship during the
middle Holocene drought. The drought of ¢. 7ka (middle
MIS 1) occurred in an interval of higher autumn insolation.
However, the proxy drought record shows a first-order
positive relationship with the spring (April) insolation. The
drought of c. 13.5ka occurred during an interval of highest
spring insolation. Meteorological data from the basin

Copyright © 2017 John Wiley & Sons, Ltd.

indicate that spring (March—May) is the driest season and
it contributes less than 4% of the total rainfall (Fig. 2). Solar
irradiance of the spring is also comparable with insolation of
the summer months (Fig. 2). Field observation and modern
instrumental data suggest that moderate to higher tempera-
ture and an almost absence of runoff during the spring lead
to enhanced evaporation of the water column and more
calcite precipitation. The similarity between the calcite
abundance and the spring insolation suggests that droughts
of central-northern Mexico during the MIS 2 and 1 were also
controlled by the precession-modulated spring insolation.
Modern instrumental records and tree-ring reconstructions
show that ENSO has a dipole impact in Mexico. The warmer
phase of ENSO (EI Nifio) produces drier summer conditions
in the central-northern Mexico (including Durango) but
humid winter—spring conditions for the northwestern
Mexico. On the other hand, the cold phase of ENSO
(La Nifia) causes drier conditions in northwestern Mexico
during the winter—spring (Seager ef al., 2009; Mendez and
Magafia, 2010; Stahle et al., 2016). Based on the oxygen
isotope composition of coralline aragonite from Papua
New Guinea, Tudhope et al. (2001) suggested the existence
of ENSO (with substantial changes in strength) over the last
130ka. ENSO occurred even during the glacial period of
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substantially reduced global temperature. Considering the
modern analogue of higher salinity in the western Pacific
Ocean during the years of El Nifio conditions (Mo and
Higgins, 1998), Stott et al. (2002) reconstructed millennial-
scale oscillations of super-ENSO from §'80 measured in
the surface-dwelling planktonic foraminifera from a marine
sequence collected from the eastern edge of the Indonesian
archipelago. We observe that both the droughts of c.
13.5ka and c. 7 ka identified in sediments of the Santiaguillo
ephemeral lake were contemporary to intervals of El Nifio
conditions. Another proxy record of ENSO (Laguna
Pallcacocha; Moy et al., 2002) suggested that ENSO activity
remained higher during the early-middle Holocene (i.e.
post 7ka) compared with the early Holocene (c. 12-7ka).
Similarly, the marine sediments collected near the
Galapagos Islands reported that ENSO activity remained
weaker during the early—middle Holocene compared with
the late Holocene (Koutavas et al., 2006). The proxy record
of Santiaguillo did not reconstruct droughts that occurred
over the last 1.3ka, and hence, it is beyond the scope of
this paper to evaluate droughts of the late Holocene with re-
spect ENSO. We observe that the drought of ¢. 13.5ka was
contemporary to an interval of fluctuating global tempera-
ture and unstable ITCZ. Some of the droughts identified
in the extrapolated part of the age model with uncertain
chronology also maintain this relationship with the North
Hemisphere temperature and mean position of ITCZ
(Fig. 6).

5.4. Regional comparison

The proxy record of drought in the Santiaguillo ephemeral
lake is compared with records indicating runoff (palacolake
Babicora; Roy et al., 2013b) and aeolian activity (southern
Baja California peninsula; Blanchet et al., 2007) in the
subtropical north and northwestern Mexico and droughts
(Basin of Mexico; Torres-Rodriguez et al, 2015) in the
tropical central Mexico in order to evaluate the geographic
coverage of arid intervals (Fig. 7). Ti concentration
reconstructs variable runoff into the palacolake Babicora
and precipitation in the Chihuahua Desert. Coercivity
(HIRM) changes of sediments deposited in the subtropical
Pacific Ocean reflect the strength of aeolian activity in
southern part of the Baja California peninsula. Abundance
of inorganic carbon in sediments of the Lake Chalco
provides information about drought regimes in the central
Mexico up to ¢. 10.8ka.

Hydroclimates of central-northern Mexico, Chihuahua
Desert (northern Mexico) and the southern part of the Baja
California peninsula (northwestern Mexico) behaved
differently. During the MIS 2, the palacolake Babicora
received reduced runoff (arid conditions), and the southern
part of the Baja California peninsula experienced higher

Copyright © 2017 John Wiley & Sons, Ltd.

aeolian activity. However, both the Santiaguillo ephemeral
lake and the Basin of Mexico lacked droughts. Restriction
of the arid conditions to higher latitudes (i.e. north and
northwestern Mexico) was contemporary to an interval char-
acterized by stronger ENSO and lower global temperature.
After evaluating the modern conditions (Mitchell et al,
2002; Ritchie et al, 2011) in palaeo-records, Roy et al.
(2015) associated this interval without droughts in the
central-northern Mexico and southwest Mexico to an inter-
val of weaker NAM. But the frequent formation of tropical
cyclones with restricted rainfall swath patterns brought more
rainfall to the region. The drought centred at c. 13.5ka in
Santiaguillo was contemporary to intervals of stronger
aeolian activity in the Baja California peninsula and
droughts in the Basin of Mexico. This arid interval was
spread across subtropical as well as tropical Mexico and
occurred during an interval of relatively warmer and variable
North Hemisphere temperature and stronger ENSO.
Similarly, the contemporary occurrence of another drought
in both Santiaguillo and Basin of Mexico at ¢. 7ka also
happened in an interval of warmer global temperature and
stronger ENSO.

6. CONCLUSIONS

Varying abundances of authigenic carbonate and wind-
blown clastic sediments in a 1026-cm-long sediment core
from the Santiaguillo ephemeral lake provide information
about orbital-scale drought dynamics in central-northern
Mexico during the late Quaternary. Droughts were
represented by deposition of above-average amounts of
calcite and clastic sediments with below-average Ti/Ca.
Comparison of the new data with proxy records
indicating aridity in different parts of Mexico provides an
estimation of the geographic distributions of the arid
intervals across subtropical as well as tropical Mexico.
More specifically,

i. Central-northern Mexico lacked a drought during the
MIS 2, whereas the droughts of MIS 1 were centred
at c. 13.5ka and c. 7ka.

ii. The drought record of central-northern Mexico shows
first-order positive relationships with precession-
modulated spring insolation. The droughts of ¢. 13.5ka
occurred during an interval of higher spring insolation,
relatively warmer but unstable global temperature and
stronger ENSO.

iii. A synchronous arid interval in different sites across
the subtropical and tropical Mexico occurred during
the early part of MIS 1 and centred at c. 13.5ka. It
is indicated by droughts in the Santiaguillo ephemeral
lake, stronger aeolian activity in southern Baja
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California peninsula and droughts in the Basin of
Mexico. We suggest that the combination of
Milankovitch forcing along with warmer global tem-
perature and ENSO possibly led to regional expansion
of the arid conditions.
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Hydrological response of the Chihuahua Desert of Mexico to six different Heinrich Stadials (H6 to H1) is
inferred with element ratio, carbonate abundance, and oxygen and carbon isotope compositions of
lacustrine calcite in sediments collected from the Santiaguillo Basin. Overall runoff and hence precipi-
tation remained below average during H6, H4, H2 and H1, and above average during H5 and H3. Simi-
larly, runoff of H4 showed the least variability and it was most variable during H5. In general, dissolved
HCO3 was dominantly sourced from atmospheric CO, during the intervals of less runoff. However,
lacustrine productivity as well as atmospheric CO, influenced carbon isotope composition of dissolved
HCOs3 during the regimes of fluctuating hydrological conditions. H2 was an interval of relatively warmer
water column and enhanced lacustrine productivity. Comparison with other records indicates occurrence
of similar millennial-scale hydrological variability in the southwest US. However, we did not always
observe concurrency in proxy records from the Chihuahua Desert of Mexico and southwest US. Similarity
in tendencies of runoff into the Santiaguillo Basin and 3'30 of speleothem from the Hulu Cave during the
six different Heinrich Stadials suggests a possible hemispheric link between hydroclimate of the
Chihuahua Desert of Mexico and the East Asian Monsoon.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Global climate change occurred during the last glacial period in
the Northern Hemisphere is archived in oxygen isotope composi-
tions of the Greenland ice cores and sediments deposited in the
North Atlantic Ocean (Dansgaard et al., 1982, 1993; Heinrich, 1988;
Bond et al., 1992). Heinrich Stadials (H1 to H6) were cooler intervals
with duration varying between 1.4 and 3.1 ka (thousand years
before present) and all of them were characterized by discharge of
icebergs from the Laurentide Ice Sheet (LIS) mainly through the
Hudson Straight into the Atlantic Ocean (Andrews et al., 1993;
Sanchez-Goni and Harrison, 2010). Sedimentological data from
the North Atlantic Ocean indicates that the Hudson Straight was not
the primary ice source for all these cold intervals and H4 was
associated with larger ice sheet collapse and dirtier icebergs
compared to other Heinrich Stadials (Kirby and Andrews, 1999). It
was assumed that disruptions in the Atlantic Meridional

* Corresponding author.
E-mail addresses: roy@geologia.unam.mx, priyadarsi1l977@gmail.com (P.D. Roy).

http://dx.doi.org/10.1016/j.jsames.2016.11.001
0895-9811/© 2016 Elsevier Ltd. All rights reserved.

Overturning Circulation (AMOC) and North Atlantic Deep Water
(NADW) formation caused instabilities in the LIS and led to depo-
sition of ice-rafted debris (IRD) in the North Atlantic (Calov et al.,
2002; Hulbe et al., 2004). However, new paleoclimate data con-
strained the IRD events at few hundreds to almost a thousand year
after the slowing down of AMOC and collapse of NADW (Roche
et al., 2004; Hall et al., 2006; Jonkers et al., 2010). The climate
models of Alvarez-Solas et al. (2011) suggested that an already
weakened AMOC and reduced NADW caused subsurface warming
in the North Atlantic and triggered the ice surges. Subsequent
freshwater discharge into the North Atlantic eventually led to
complete shutdown of NADW.

Terrestrial and marine systems in different latitudes responded
differently to these high amplitude cooler conditions (Ruehlemann
et al.,, 1999; Hendy and Kennet, 2000; Wang et al., 2001; Zic et al,,
2002; Jennerjahn et al., 2004; Prasad et al., 2004; Grimm et al.,
2006; Leduc et al.,, 2007; Flower et al.,, 2004; Asmerom et al.,
2010; Wagner et al., 2010; McClymont et al.,, 2012; Roy et al.,
2012, 2015, 2016). Proxy records from the eastern Mediterranean
and northwest Great Basin registered arid conditions (Zic et al.,
2002; Prasad et al., 2004). Similarly, marine sediments off the
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northeast Brazil suggested occurrence of more summer season
fluvial discharge (Jennerjahn et al., 2004). In the subtropical North
America, speleothems from the Fort Stanton Cave recorded more
winter precipitation for the southwest US during all the Heinrich
Stadials (Asmerom et al., 2010). Similarly, fossil pollens in sedi-
ments of the Lake Tulane suggested that the southeast US experi-
enced warmer winter and wetter summer (Grimm et al., 2006;
Donders et al, 2011). Both the Atlantic and Pacific Oceans
retained heat during some of these stadials. Over the H1, the Gulf of
Mexico experienced an increase of ~3 °C in sea surface temperature
(SST) and the tropical Atlantic experienced ~1.5 °C increase in SST
(Ruehlemann et al., 1999; Flower et al., 2004). Warmer SST and
presence of stratified water in the Gulf of California indicated
conditions similar to the modern day summer or EI-Nino regime
(McClymont et al., 2012).

The subtropical Mexico hosts a large part of the southern
Chihuahua Desert and proxy records from this region provide hy-
drological information for H2 and H1. Summer and autumn runoff
into the Santiaguillo Basin reduced during H2 and H1 (Roy et al,,
2015) and the El Potosi Basin received less runoff during the earlier
part of H1 compared to the later part (Roy et al., 2016). The tropical
central as well as southwest Mexico also remained drier during H1
(Lachniet et al., 2013; Lozano-Garcia et al., 2015). In this paper, we
present a proxy record to infer hydrological responses of the
Chihuahua Desert of Mexico to six different Heinrich Stadials from
elemental concentration and carbonate abundance in bulk sedi-
ments, and oxygen and carbon isotope compositions of carbonates
deposited in the Santiaguillo Basin. Sediments deposited during
different Heinrich Stadials were identified by radiocarbon dating up
to ~27.3 ka, extrapolation of an average sediment rate and comparing
the chronological variation of carbonate abundance with insolation
in rest of the sequence, and oxygen isotope composition of authi-
genic carbonate. Runoff is inferred from Al/Ca, Ti/Ca, Si/Ca and K/Ca
ratios, water column salinity and temperature are estimated from
carbonate abundance and oxygen isotope composition of carbonate,
and carbon isotope composition provide information about sources
of dissolved inorganic carbon in the water column.

2. Regional settings
2.1. Location and geology

The Chihuahua Desert of Mexico is spread over at least six
different states of northern Mexico (i.e., Chihuahua, Durango,
Zacatecas, Coahuila, Nuevo Leon and San Luis Potosi). The Santia-
guilo Basin is present in an endorheic tectonic basin at western
margin of the desert. It is located in the state of Durango and at
eastern foothills of the Sierra Madre Occidental Mountains (Fig. 1a).
The basin is NW-SE oriented and spreads over an area of
~2000 km?. It is surrounded by volcanic mountains with elevation
between 2500 and 3000 m asl and is fed by several intermittent
streams. The basin hosts two water bodies: the northern perennial
part is used as an irrigation reservoir and the southern part hosts a
natural ephemeral lake. Both the water bodies are separated by
construction of an artificial dam. The ephemeral lake hosts less
than 1 m water column in its deepest part during the summer and
autumn months and it mostly remains dry for a large part of the
year. Geology of this basin comprised of the Paleogene to Quater-
nary igneous and sedimentary rocks, as well as small outcrops of
Cretaceous metamorphic rocks (Munguia-Rojas et al., 1998; Nieto
Samaniego et al., 2012). Ignimbrite and rhyolite are the dominant
lithologies present in vicinity of the basin. Both andesite and
conglomerate are present in the eastern and western catchment,
whereas minor exposures of basalt are present to the east and
south of the basin (Fig. 1b).

2.2. Modern climate

Three different meteorological stations present near the basin
(Fig. 1c) recorded 430—554 mm of average annual precipitation
during 1964—2006 CE (Source: Servicio Meteorologico Nacional,
Mexico). Almost 90% (395—502 mm) of this rainfall occurred during
the months of summer (June—August; average temperature of
19.8—22.3 °C) by the North American Monsoon and months of
autumn (September—November; average temperature of
15.7—17.4 °C) by tropical cyclones. Both the summer and autumn
precipitations were controlled by dynamics of the Inter Tropical
Convergence Zone and sea surface temperature of the eastern
tropical Pacific Ocean (Castro et al., 2001; Magana et al., 2003).
Winter (December—February; average temperature 10.8—12.0 °C)
and spring (March—May; average temperature 16.8—18.6 °C) are
the drier seasons and contributes <10% (16—22 mm) of annual
precipitation. The average annual temperature varied between
16 °C and 18 °C and reached 38 °C during the month of June and
remains sub-zero during the month of January.

3. Sampling and analysis

Two parallel sediment cores were collected from the ephemeral
lake of the Santiaguillo Basin (Fig. 1). One of the cores (1026 cm
long) was sampled at 1 cm interval and all the sub-samples were
oven dried at 40 °C, homogenized and ground with an agate pestle.
The present study is based on sediments deposited at depths be-
tween 560 and 78 cm and chronologically constrained with 6
different AMS 'C dates (Table 1). Radiocarbon analysis of 5 more
samples at deeper part of the studied sequence (267—560 cm)
resulted unsuccessful due to lower organic carbon content (Fig. 2).
Sediments are characterized by texture observed in macroscopic
inspection and microscopic observations (e.g., Schnurrenberger
et al., 2003), abundance of organic carbon (OC) and relation be-
tween organic carbon and nitrogen (C/N). OC and N contents were
measured in 48 samples in Thermo Scientific HiperTOC Solid
Analyzer and Perkin Elmer Series Il CHNS/O elemental analyzer.
Carbonate and silicate minerals were identified using Shimadzu-
6000 X-ray diffractometer (XRD).

The paleohydrological reconstruction was based on concentra-
tions of Si, Al, Fe, K, Ti and Ca and CO3; abundance in a total of 183
samples. Elemental concentrations were determined using a
Thermo Scientific Niton FXL 950 X-ray Fluorescence (XRF) analyzer
and the obtained data were corrected using the linear regression
equations generated after comparing results of 38 samples ob-
tained in Niton FXL and traditional Siemens XRF (e.g., Roy et al,,
2012). Carbonate (CO3) content was measured using a Thermo
Scientific HiperTOC Solid Analyzer. Stable isotopes of carbon and
oxygen were analyzed in carbonates of 33 different samples. Prior
to the isotope analysis, organic material was removed by treating
with 15% H,0, and stable isotope ratios of carbon and oxygen were
determined in carbonates using a Thermo Finnigan MAT 253 mass
spectrometer coupled with Gas Bench II following the methodology
of McCrea (1950). Isotope ratios are reported relative to the VPDB
(Vienna Pee Dee Belemnite) standard with a standard deviation of
+0.2%0. Correlation coefficient and associations of different
geochemical variables were obtained using the STATISTICA
software.

4. Results
4.1. Sediment (texture, OC and C/N)

Sediments deposited between depths of 560 and 78 cm
comprised sand, sandy-silt and silt (Fig. 2). Intercalations of
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Fig. 1. (a) Map showing locations of the Santiaguillo Basin and other proxy records from northern Mexico and southwest US. (b) Cores were collected from ephemeral part of the

basin and (c) three different nearby meteorological stations recorded an average annual precipitation varying between 430 and 554 mm during 1964—2006 CE.

Table 1

Depth, radiocarbon date, calibrated value and agreement index of samples in a sediment core from the Santiaguillo Basin.

Lab code Depth (cm) 14C yr BP 3'3C (%o) Modeled age
20 range (cal. yr BP) Median age (cal. yr BP) Agreement index (A)

Beta-367219 78 7130 = 40 -19.2 7860—8020 7960 100

Beta-355322 89 8360 + 40 -214 9150—-9470 9340 92

0S/0507 110 8760 + 40 -25.0 9670—-10,150 9860 77

Beta-346908 136 15,020 + 60 —20.6 18,020—18,440 18,240 99

Beta-367220 174 20,300 + 100 -21.0 23,970-24,510 24,240 81

Beta-346910 266 22,840 + 100 —-21.2 27,050—-27,500 27,290 96

calcareous and non-calcareous sandy-silt represent sediments pre-
sent at depths of 560—469 cm. Fine to medium sand (with some
gravel size fragments) is visible at depth of 469—420 cm. Sediments
at 420-297 cm consist of calcareous sandy-silt and another fine to
medium sand layer is present at 297-266 cm depth. Intercalations of
sandy-silt and silt represent sediments present at 266-78 cm depth.

OC varies between 0.4 and 2.0% with an average of 0.9%. In
general, some of the calcareous sandy-silt (414-334 c¢cm) and in-
tercalations of sandy-silt and silt (234-126 cm) have above average
OC. Rest of the sediments have below average or average OC. Sed-
iments are characterized by C/N < 10 and distribution of C/N is
similar to OC (r > 0.9, p < 0.05). C/N relation fluctuates between 1.3
and 8.0 with an average of 3.3 (Fig. 2).

4.2. Carbonate mineralogy and abundance

Calcite is the only carbonate mineral and its abundance is re-
flected by CO3 and Ca contents (Fig. 3). Both CO3 and Ca have similar
distributions (r > 0.9, p < 0.05). Abundance of COs3 varies between
0.6 and 26% with an average of 6.7%. Concentration of Ca fluctuates
between 0.2 and 21.7% with an average of 5.6%. Sediments between

depths of 560 and 297 cm are characterized by high amplitude
variations of Ca (0.3—21.7%) and COs (0.6—25.5%) and both of them
in general are above average. Similarly, sediments of 130—78 cm are
characterized by low amplitude variations (Ca: 1.8—10.6%; COs:
4—11.8%) except for one sample and contain above average values of
CO3 and Ca. Sediment deposited at a depth of 121 cm has 21.7% of Ca
and 26% of COs. Sediments at 297-130 cm depth have homogeneous
(Ca: 0.2—7.0%; COs3: 1.2—7.2%) and in general below average
concentrations.

4.3. Stable isotopes in carbonate

Carbon and oxygen isotopes (3'%0 and 5'3C) relative to VPDB are
positively correlated (r = 05, p < 0.05). 3'%0 fluctuates
between —8.6 and —0.8%o with an average of —4.4%.. Carbonates
present in sediments at 326-114 cm depth are characterized by
above average 5'80 and sediments in rest of the core in general
have below average or average 3'80 (Fig. 3). 5!3C varies
between —6.5 and 1.0%o with an average of —2.3%o. It is above
average in sediments deposited between 502-402 cm and 299-
114 cm and in general below average or average in rest of the
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Fig. 3. Distributions of carbonate (CO3) abundance, carbon and oxygen isotopes (5'0 and 3'3C) and concentrations of Ca, Si, Al, Fe, K and Ti along the depth.

sediments. Both the isotopes show absence of any significant
negative correlation with Ca (r = 0.1-0.3, p < 0.05) and COs3
(r=0.1-0.2, p < 0.05).

4.4. Clastic minerals and multi-elements

Clastic minerals are comprised of dominant quartz and lower
abundances of K-feldspar, cristobalite, zircon, montmorillonite and
illite. Concentrations of Si (14.3—36.3%; average = 25.9%), Al
(1.9—-4.6%; average = 3.5%), Fe (0.6—1.5%; average = 1.1%), K
(1.0—-1.9%; average = 1.5%) and Ti (0.1-0.3%; average = 0.2%) reflect
different abundances of clastic minerals present along the sedi-
ment profile (Fig. 3) and their distributions are comparable
(r = 0.5—0.7, p < 0.05). However, concentration of most of the el-
ements representing clastic minerals is lower in sediments with
more carbonate. The diluting effect of calcite on clastic mineral
abundance is suggested by negative correlations of Si, Al, K and Ti
with Ca (r = 0.6—0.9, p < 0.05) and CO3 (r = 0.6—-0.9, p < 0.05). Fe
shows lower negative correlations with Ca and COs; (r = 0.2,
p < 0.05) and similarly correlations of Fe with K and Si were not

significant (r = 0.1, p < 0.05). It suggests that a part of Fe present in
clastic minerals was released and re-precipitated along with car-
bonate (e.g., Mason and Moore, 1982; Cohen, 2003).

4.5. Chronology

An age-depth model assigned chronology to sediments present
at depths between 266 cm and 78 cm. Lower part of the sediment
sequence (560-267 cm) was constrained by extrapolating an
average sedimentation rate calculated between 266 and 78 cm
depths (Fig. 4). The Bayesian age-depth model was constructed
with 6 different calibrated C ages (Reimer et al., 2013) and using
P-sequence with k = 0.3 in OxCal version 4.2 (Bronk Ramsey, 2008,
2009, Table 1 and Fig. 4a). It assigns median ages between ~27.3 and
8.0 ka for sediments of 266—78 cm depths. The agreement index
(A) between modeled age and calibrated ages varies between 77
and 100%. Sedimentation rates vary between 3.1 and 40.4 cm/ka in
sediments deposited between 266 cm and 78 cm.

We extrapolate an average sedimentation rate of 17.6 cm/ka to
assign ~66.2—27.3 ka to sediments deposited between 560 and
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267 cm. In both the interpolated and extrapolated parts of the age
model, chronological variation in abundance of COs3 and spring
(April) insolation show a first-order positive relationship (Fig. 4b).
In the interpolated part (27.3—8.0 ka), higher deposition of CO3
occurred during intervals of more spring insolation and abundance
of CO3 was lower during the intervals of less spring insolation.
Tendencies of CO3 and spring insolation also remained similar in
the extrapolated part (~66.2—27.3 ka) of the age model. Based on
this age model, we identify the six different Heinrich Stadials and
consider that sediments of 536—514 cm depth represent H6
(~63.2—60.1 ka), 437-418 cm depth represent H5 (~50.0—47.0 ka),
365-349 cm depth represent H4 (~40.2—38.3 ka), 314-297 cm
depth represent H3 (~32.7—31.2 ka), 242-176 cm depth represent
H2 (~26.5—24.3 ka) and 135-128 cm depth were deposited during
H1 (~18.0—15.6 ka). Chronology of the Heinrich Stadials is also
supported by 880 composition of carbonates. Except for H2, car-
bonate deposited during all other Heinrich Stadials shows negative
excursions in 8'80 (Fig. 3).

5. Discussion
5.1. Hydrological responses to Heinrich Stadial

Hydrological responses of the Chihuahua Desert of Mexico are
reconstructed from the chemical and stable isotope composition of
sediments deposited in the Santiaguillo Basin (Fig. 5). This basin is
topographically closed and receives sediments from the erosion of a
volcanic catchment through ephemeral streams. Absence of lime-
stone in the catchment and any microfossil remnants suggests that

calcite present in the sediments is dominantly authigenic and
deposition of more Ca and CO3; occurred during the intervals of
higher water column salinity and enhanced evaporation. Deposi-
tion of more COs3 represents intervals of higher lake water salinity
and vice versa occurred during intervals of lower salinity. The
clastic minerals present are sourced from the volcanic catchment
geology and negative correlation of elements reflecting clastic
mineral abundance with carbonate indicate that clastic mineral
abundance was diluted during the intervals of more carbonate
deposition. In order to reduce the noise factor associated with
dilution effect of calcite, we followed Weltje and Tjallingii (2008)
and used ratios of Si/Ca, Al/Ca, K/Ca and Ti/Ca to estimate runoff.
However, distributions of all the elemental ratios are similar
(r=0.5—-0.6, p < 0.05). Hence, we represent sediments with higher
values of Al/Ca to intervals of more runoff and higher amounts of
precipitation and sediments with lower Al/Ca were deposited
during intervals of less runoff and lower amounts of precipitation.

In closed lakes without significant groundwater seepage, the
oxygen isotope composition of lacustrine carbonate is dependent
upon carbonate mineralogy (e.g., calcite, aragonite and dolomite),
vital effects of different organisms (e.g., ostracod and mollusc),
atmospheric temperature and evaporation/precipitation ratio
(Dansgaard, 1964; Abell and Williams, 1989; Land, 1980; Holmes
and Chivas, 2002; Leng and Marshall, 2004; Darling et al., 2006).
As the lacustrine sediments contain only calcite and there is no
visible skeletal remnants of ostracod and mollusc shells in macro-
scopic inspection and microscopic observations, we relate the
swing of ~8% in 880 mainly to evaporation/precipitation
controlled isotope composition of water column from which calcite
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Fig. 5. Distributions of carbonate (CO3), ratios of Si/Al, Al/Ca, K/Ca, Ti/Ca, and 3'®0 and 3'3C in sediments deposited during six different Heinrich Stadials (H6 to H1).

precipitated. More evaporation in the water column and in soil
zone of the basin catchment would lead to preferential evaporation
of lighter %0 and enrichment of the heavier isotope '30 in the
water column (i.e., higher §®0) during the warmer intervals.
Similarly, the cooler intervals would lead to less evaporation and
hence lower 380 values.

Carbonate isotope composition (3'3C) of lacustrine carbonate is
a tracer to identify the source of dissolved inorganic carbon (HCO3)
present in the water column (Leng and Marshall, 2004). Dissolved
HCO3 could be sourced from terrestrial catchment vegetation,
lacustrine phytoplankton, atmospheric CO, and interaction of
inflow water with carbonate bearing rocks (Meyer and Teranes,
2001; Leng and Marshall, 2004). However, the basin catchment
lack any carbonate bearing rock and chemical signature shows that
organic carbon present in sediment was mainly sourced from
lacustrine phytoplankton (C/N < 10; Talbot and Johannessen, 1992).
During the intervals of more lacustrine productivity, aquatic plants
preferentially uptake '?C during photosynthesis and led to higher
3'3C in the water column from which calcite precipitates. We relate
variation in 3'3C to intervals of HCO3 sourced dominantly from
atmospheric CO, (i.e., lower 3'3C) and intervals of more lacustrine
productivity (i.e., higher 3!3C). Temperature of the water column,
and influences of lacustrine productivity and atmospheric CO; on
dissolved HCO3 during the Heinrich Stadials are shown in Fig. 5.

Variations in the hydrological conditions (i.e., water column
salinity and runoff) during the six different Heinrich Stadials are
estimated by calculating minimum, maximum and average values
of the proxies for each of the intervals (Fig. 6). We offered a semi-
quantitative estimation of the hydrological responses by present-
ing the proxies with respect to average values calculated for the
entire sediment sequence (i.e., 560-78 c¢cm, ~66.2—8 ka) and dif-
ference between the maximum and minimum values in each in-
terval. For example, sediments with CO3 abundance higher than the
entire sediment sequence average represent an interval of above
average water column salinity. Similarly, the intervals with lowest
difference between the maximum and minimum abundances of
CO3 experienced homogeneous water column salinity.

Heinrich Stadial 6 (H6; ~63.2—60.1 ka): It was characterized by
millennial-scale variability in runoff, water column salinity and
temperature. All the proxies fluctuate between below average and
above average values. Average value of Al/Ca calculated for this
interval remained below the average of entire sediment sequence.
However, averages of both COs; and 3180 for this interval were
almost similar to the entire sediment sequence average. Overall
conditions remained arid with below average runoff and almost
average water column salinity. During this interval, dissolved HCO3
was dominantly sourced from the atmospheric CO,.

Heinrich Stadial 5 (H6; ~50.0—47.0 ka): This interval had the
most heterogeneous hydrological variability among all the Heinrich
Stadials. Proxies indicating runoff and water column salinity
showed variability much higher than the variability observed
during H6. However, the average values of Al/Ca and COs for this
interval remained above and below the overall average, respec-
tively. Both suggest that the overall hydroclimate of this interval
was humid. Oxygen and carbon isotope compositions suggest in
general cooler conditions and more lacustrine productivity.

Heinrich Stadial 4 (H4; ~40.2—38.3 ka): It was characterized by
the most homogeneous of all the Heinrich Stadials and below
average runoff into the basin. This arid interval had variable but
above average water column salinity. Oxygen and carbon isotope
compositions suggest cooler conditions and dissolved HCO3 was
dominantly sourced from the atmospheric CO,.

Heinrich Stadial 3 (H3; ~32.7—31.3 ka): Runoff into the basin was
variable but overall runoff was slightly above the average of entire
sediment sequence. During this humid interval, water column
salinity remained below average. Oxygen isotope suggests that
conditions were cooler. Variable carbon isotope indicates influence
of lake productivity on dissolved HCO3 during a part of this interval
and HCO3 was dominantly sourced from the atmospheric CO,
during the other part.

Heinrich Stadial 2 (H2; ~26.5—24.3 ka): Runoff was relatively
homogeneous compared to H6 and H5 but overall remained below
average. Above average 5'80 values suggests that water column
during this interval was relatively warmer compared to the other
Heinrich Stadials. Above average 3'>C values indicate dominant
influence of lacustrine productivity on dissolved HCO3 of the water
column. However, abundance of COs; remained below average
during this warmer interval. Deposition of more organic carbon on
the lake floor and its subsequent oxidation might have played an
important role to generate acidic condition and hence deposition of
below average carbonate.

Heinrich Stadial 1 (~18.0—15.6 ka): Overall runoff remained
below average and it was even lower than H2. Water column
salinity was variable but overall remained above average. Compo-
sition of stable isotopes of oxygen suggests cooler conditions.
However, the isotopes of carbon indicate more lake productivity
during a part of this interval and HCO3 was dominantly sourced
from the atmospheric CO, during the other part of this fluctuating
hydrological regime.

5.2. Comparison with other registers

Proxies suggest that hydroclimate of the Chihuahua Desert of
Mexico responded differently to different Heinrich Stadials. The
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Fig. 6. Comparison of hydrological variation in the Santiaguilo Basin (lake water salinity and runoff) with hydroclimates of Fort Stanton and Cave of Bells in southwest US, and Hulu

Cave in China.

overall runoff and hence precipitation remained below average
during H6, H4, H2 and H1. Both of them were above average during
H5 and H3. Similarly, runoff during H4 showed the least variability
and it was the most variable during H5. The atmospheric response
to interaction between North Hemisphere ice sheets and North
Atlantic Ocean are also documented in oxygen isotope composition
of independently dated stalagmite calcite collected from the Cave of
Bells and Fort Stanton (Wagner et al., 2010; Asmerom et al., 2010).
Both the records document dynamics of aridity in the southwest US
and related those to varying strengths of the westerly winter
storms. In general, both the records suggest increase in the
amounts of winter precipitation during the Heinrich Stadials
compared to their immediate previous intervals. However, we
calculated the minimum, maximum and average of speleothem
380 values and presented those with respect to the overall average
in order to compare variable hydrology of the Santiaguillo Basin
with hydroclimate of the southwest US during the Heinrich Stadials
(Fig. 6).

Similar to the Chihuahua Desert of Mexico, both the speleo-
thems showed that hydroclimate in the southwest US experienced
millennial-scale variability and some intervals were more homo-
geneous compared to others. For example, hydroclimate of the Cave
of Bells was relatively more homogeneous during H1 compared to
H5. Similarly, hydroclimate of the Fort Stanton was relatively more
homogeneous during H2 compared to H5 and H3. The Fort Stanton
speleothem also responded differently to different Heinrich Stadi-
als. Above average 3'%0 during H4 and H2 indicated more winter
precipitation and below average 3'0 during H1 suggested less
winter precipitation compared to average value of the entire reg-
ister. We did not observe concurrency in proxy records of the
Chihuahua Desert of Mexico and southwest US. With millennial-
scale fluctuations, hydroclimates of the Santiaguillo, Fort Stanton
and Cave of Bells remained humid during H5 and H3. However,
hydroclimates of the Santiaguillo and Fort Stanton remained arid
and hydroclimate of the Cave of Bells was humid during H1.

In one of our previous research on sediments deposited in the
Babicora Basin (Roy et al., 2013), we observed that influence of the
westerly winter storms was minimal in the region located at south
of 29°N latitude. Both Metcalfe et al. (2015) and Roy et al. (2015)
reported that hydroclimate of the Chihuahua Desert of Mexico
was controlled by summer as well as autumn precipitation during
the Holocene as well as the last glacial period. Absence of syn-
chronous reduction in runoff into the Santiaguillo Basin during all

the intervals of enhanced winter precipitation in southwest US was
possibly indicative of lack of concurrency in the latitudinal
displacement of Inter tropical convergence zone and sea surface
temperature of the eastern Pacific Ocean controlling the summer as
well as autumn precipitation and polar jet streams controlling
strength of the westerly winter storms during all the Heinrich
Stadials. Oxygen isotope composition of speleothems from the Hulu
Cave of China provides proxy information about the East Asian
summer monsoon (Wang et al., 2001). It identified existence of a
hemispheric link between the North Atlantic climate and the East
Asian summer monsoon. In the present study, we observe a
possible hemispheric link between hydroclimate of the Chihuahua
Desert of Mexico and the East Asian Monsoon. Tendencies between
runoff into the Santiaguillo Basin and intensity of the East Asian
monsoon during the six different Heinrich Stadials were similar
(Fig. 6b). With millennial-scale variations, both the records show
overall below average values during H4, H2 and H1, and above
average values during H5 and H3.

6. Conclusions

A new proxy record was reconstructed by studying sediments
deposited between depths of 560 and 78 cm (~66.2—8 ka) in the
Santiaguillo Basin in order to infer hydrological responses of the
Chihuahua Desert of Mexico to possible Heinrich Stadials. Al/Ca
ratio provided information about runoff, carbonate abundance
helped to register the varying water column salinity, oxygen
isotope composition of carbonate was a proxy for water column
temperature, and carbon isotope composition provided informa-
tion about source of dissolved inorganic carbon present in water
column. More specifically;

i. Except for the H2, water column was generally cooler
compared to the overall average during the Heinrich Stadials.
However, the hydroclimate was different during different
Heinrich Stadials. With millennial-scale fluctuations, the
overall runoff remained below average during H6, H4, H2
and H1. Runoff was above average during H5 and H3. Simi-
larly, H4 showed the least variability in runoff and H5 had the
most variable runoff.

. In general, dissolved HCO3 was dominantly sourced from
atmospheric CO; during the intervals of reduced runoff. Lake
productivity and atmospheric CO, influenced inorganic
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carbon pool of the water column during intervals of fluctu-
ating hydrological regimes.

iii. H2 was characterized by relatively warmer water column
compared to the other Heinrich Stadials. More lacustrine
productivity and subsequent oxidation of deposited organic
carbon on the lake floor possibly led to an acidic condition
and deposition of less carbonate during this interval of
overall below average runoff.

iv. Lack of synchronous regimes of runoff into the Santiaguillo
Basin and enhanced winter precipitation in southwest US
during the Heinrich Stadials was possibly indicative of lack of
concurrency in forcings controlling the summer and autumn
precipitation as well as westerly winter storms during the
North Atlantic Stadials.

v. Similarity between proxy records from the Santiaguillo Basin
and Hulu Cave suggest a possible hemispheric link between
hydroclimate of the Chihuahua Desert of Mexico and the East
Asian Monsoon.
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Conclusiones

La caracterizacion estratigréfica, geoquimica, mineralégica y magnética de los
sedimentos depositados en la cuenca del lago Santiaguillo, ubicado en el centro-
norte de México, proporciona informacién acerca de la respuesta que tuvo el
Desierto de Chihuahua la variabilidad climética de escala orbital y milenaria
durante el altimo ciclo interglacial-glacial-interglacial. La comparacién de los
datos generados con otros registros paleoambientales aporta un panorama
regional de estos cambios y permite identificar los posibles forzamientos
climéticos que afectaron la region tropical y subtropical de Norteamérica. A
continuacién se resumen las conclusiones generales de los tres articulos que

comprenden este trabajo de tesis.

e Con excepciéon del Estadio Isotépico Marino (MIS) 2, se presentaron
intervalos de sequia en los dltimos cinco Estadios Isotépicos Marinos.
Ademas, el registro de sequias exhibe una relacién positiva de primer
orden con la insolacién de primavera.

e Durante el MIS 2 no se presentaron sequias en el centro-norte de México,
en cambio el MIS 1 se caracterizé por dos eventos de aridez alos c. 13.5y
7 ka. Las sequias de c.13.5 ka ocurrieron durante un intervalo de
temperaturas globales célidas (aunque fluctuantes) y mayor actividad de
El Nifio Oscilacién del Sur (ENOS). Este intervalo fue sincrénico con
lapsos de sequia documentados en otros registros provenientes del
tropico y subtrépico de México. Esto sugiere que la combinacién de
forzamientos orbitales (Milankovitch) junto con temperaturas calidas
globales y la variabilidad de ENOS pudieron propiciar la expansiéon de
las condiciones &ridas en la region.

e Se reconstruy6 la variabilidad climatica de escala milenaria durante los
seis diferentes intervalos estadiales Heinrich (H). En general, la
escorrentia permaneci6 inferior al promedio durante H6, H4, H2 y H1 y
tue superior al promedio en H5 y H3. El estadial Heinrich H4 presento6 la

menor variabilidad de escorrentia y H5 fue el intervalo més variable.
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e El H2 se caracterizé por una columna de agua relativamente calida en
comparacion con los demas estadiales Heinrich. La mayor productividad
lacustre y la subsecuente oxidacién del carbono organico depositado en
el piso del lago pudieron generar condiciones &acidas y por lo tanto,
menor deposicion de carbonato durante este intervalo de escorrentia
inferior a la media.

e Laausencia de regimenes sincrénicos de escorrentia en la cuenca del lago
Santiaguillo y el aumento de la precipitacion invernal en el suroeste de
EUA durante los estadiales Heinrich, son posibles indicadores de la
ausencia de concurrencia entre los forzamientos que controlaron la
precipitacion de verano-otofio y las tormentas invernales durante los
estadiales del Noratlantico.

e La similitud entre los registros de Santiaguillo y la cueva Hulu (China)
sugieren un posible vinculo hemisférico entre el hidroclima del desierto
de Chihuahua en su parte mexicana y el Monzén del Este Asiatico.

e El Monzén de Norteamérica (NAM) tuvo una influencia minima en la
parte terminal del Ultimo Periodo Glacial; en cambio, la frecuente
formacion de ciclones tropicales en el este del Norpacifico, en franjas
restringidas de lluvia, llevaron mayor precipitaciéon a la regién centro
norte de México. Sin embargo, en la parte norte-noroeste de México, la
presencia (o ausencia) de un NAM debilitado propicié condiciones
aridas.

e Durante el Holoceno temprano, un NAM fortalecido y la expansion de
la franja de ciclones tropicales llevaron mayor cantidad de humedad
procedente del Golfo de California y el este del Pacifico a una amplia
region que se extendié desde el centro-norte de México hasta el interior

del suroeste de EUA.
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